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( i) 
ABSTRACT 
The fluidized bed combustor furnace is considered as being made 
up of two zones, the fluidized bed itself and an upper free-
. . 
board zone for the disengagement of ejected particles and in 
.. 
which further c'om-bus ti on may take. place simultaneously with the 
radiative transfer of heai to the surroundi~g walls. A general 
review of the literature pertaining to the combustion of coal 
in a fluidized bed of inert. particles as well as the transfer 
of heat from the fluidized bed to immersed coolirig surf aces is 
presented. In view of th~ fluidized bed furnace incorporating 
the freeboard region, a review of furnace design methods is 
also presented. The status of research and development in 
various parts of the world ·is considered with particular 
reference to the gene~ation of steam by means of the combustion 
of coal in an atmospheric fluidized bed combustion unit. 
A 1 ODO mm diameter water cooled furnace was built to study the 
phenomenon on an industrial·scale. The unit represents the 
furnace section of a small industrial boiler capable of 
generating 3 ODO kg/h of steam. The test facility has been 
extensively instrumented to enable the measuiement of the heat 
' 
transferred throughout the furnace flue i.e. both within the 
' fluidized bed and to t~e freeboard region extendin~ above the 
bed. Further instrumentation W·as utilized to enable the 
evaluation of a heat balance, the analysis of entrained 
particulates, and the analysis of the resulting products cif 
. . 
·-combustion. Provision was made to enable the introduction 
of secondary air so that the fluidized bed could be operated 
substoichiometrically. thereby promoting a secondary combustion 
reaction in the freeboard regiop. A horizontal coolipg pipe 
was introduced into the bed to enable a study of the heat 
·transfer to an immersed cooling surf ace to ·be made. Two 
methods of in troduc in g :the fuel to the bed have b'een provided. 
The first enables the coal to be screw fed into the bottom of 
the bed whilst the second feeder distributes :the coal onto the 
upper surface af the bed. 
, 
.(ii) 
Two coals were burnt in relative·ly shallow fluidized beds. of 
coarse particles (having a harmonic mean diameter of 0,847 mm). 
The operating parameters were selected to be similar to those 
which would most likely be utilized commerciall~. The ranges 
over which the main parameters were investigated can be 
summarized as : 
Bed Temperature. 
Superficial gas velocity 
Static bed height 
780 to l000°C 
1,0 to 3,0 m/s 
100 to 250 mm 
Correlations were established for the expanded bed height, the 
heat transfer coefficient from the bed to the peripheral surface 
and from the bed to an immersed horizontal tuhe. Heat transfer 
and the extent of combustion in the freeboard zone were evaluated 
with the aid of an analytical model as well as from specific 
measurements. However <,no correlations' could be obtained for 
either the overall combustion efficiency or the ~ntrainment 
rate. Analysis of the entrained material did indicate that 
the size grading of the resulting ash was dependent upon the 
type of coal fireu as well as the fuel feed system employed. 
The heat transfer mechanism in the fluidized bed has been 
described by a packet theory modified by the .introduction of a 
contact resistance. Th.e use of the theory has·. indicated that 
the heat transfer at the peripheral surface is largely effected 
by the particle residence time at the surface and hence the 
dynamic bed height, whilst the heat transferred to an immersed 
surface within the bed is largely effected_ b,v the frequency o'. 
the bubble motion~:. This lead·s. to the .-_postulate that a general 
motion takes place in shallow beds too, with an up~ard motion 
in the central nrgion and a do\vnflow o·f particulates .along· the 
·peripheral walls. A zone metho'd of analysis was utili_zed- t.o 
describe the heat transf~r phenomenon in the freeb~ard region 
enabling the overall performance of the furnace tb be describ~d 
in terms of the fluidized bed operating parameters. A simpler 
one gas-zone two surface-zone model was formulated which led to 
the development of a characteristic equation describing the heat 
• -. • • ·. • ! 
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(iii) 
The thesis makes a cci~tri5utio~ tci existing knowledge in the 
following areas: 
(i) A detailed analysis of the heat transfer and 
combustion phenomena in the freeboard of and 
within a shallow fluidized bed of rel~tively 
coarse. inert particulates on an industrial 
' ~cale has been· presented. 
(ii) The heat transfer to both peripheral and 
immersed surfaces can be explained by a packet 
theory-mechanism -modified by means of a contact 
resistance which leads to a description of the 
general flbw of particulates with an upward 
flow in the central region and a downward flow 
of the particulates along the peripheral walls. 
This is supported by experiment~l eyidence. 
(iii) The formulation of a simplified expression which 
characterizes the heat transfer performance of 
the freeboard region of the fluidized bed com-
bustor .. 
(iv) The use of the characteristic equations of the 
• 
above bed furnace region for predicting the 
amount of combustion which takes place in the 
freeboard from simple' heat balance dat.a. 
(iv) 
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Lower Case Symbols 
b 
b· J. 
c 
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cp 
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dBO 
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dx 
f b 
f d 
fraction of ash in coal 
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particle diameter 
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distributor 
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kJ/kgC 
m 
m 
m 
m 
m 
m 
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gravitational constant 
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heat transfer coefficient where the 
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convective, gas convective, convective~ 
radiative, total, wall and outside 
components of the heat transfer coefficient. 
height at a point in the bed 
unburnt carbon loss 
first order particulate phase velocity 
constant 
thermal conductivity where the subscripts 
f, and m refer to the gas and.comb~ned gas-
particle phase respectively 
k* ~ dimensionless velocity constant 
kg 
k . g,1 
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m 
m(d) 
mass transfer coefficient , 
gas ab~orption coefficient for the ith 
gas component /. 
particle absorption coefficient for a 
cloud of part16les represented by : · 
as a compound grey gas. 
dj,stance behveen an. inner and an outer 
. \ 
thermocouple junction in the heat flux pad. 
number of independent variables in the 
regression analysis 
mass of particles ~f size d 
mass of air per kg of fuel burnt 
Units 
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m/s 
2 
m 
m 
-1 
s 
. W/mC 
m/s 
-1 -1 m atm · 
-1. 
m 
m 
kg 
kg 
m g 
n 
p 
r 
r .. 1J 
s 
sx" 1.- . 
8 Xixj 
(ix) 
mass of air .required for the stoichiometric 
comb~stion of l kg of fuel 
mass of gas per kg of fuel burnt 
mass of gas produced from the stoichio-
metric combustion of 1 kg of fuel 
molar flow of oxygen to a coal particle 
Units 
kg 
kg 
kg 
mol/s 
feeder speed rpm 
number of points used in the regression 
analysis 
pressure drop through a bed of particulate 
material at a velocity of umf" 
partial pressure where the subscripts c 
and w refer .. to carbon dioxide and water 
vapour respectively _. 
size distribution of the combustible 
particles within a fluidized bed 
\ 
size distribution of the feed'material. 
size distribution of the bed overflow 
material 
particle r~dius, equation (13) 
bivariate correlation coefficient between 
x. and x .. 
1 J 
fr~ction of total air supplied as 
~ 
secondary air. 
direct exchange area between surface 
zone i and gas zone j 
direct exchange area between surf ace 
zone i and surface zone j. 
sample variance of x. 
i. 
covariance between x. and x . . 
1.- J 
Pa 
atm 
-1 
m 
-1 
m 
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m 
m 
2 
m 
2 
m 
( x )_ 
Units 
Lower Case Symb~..l.§. 
t percentile of Student t-distribution 
temperature where subscript g refers to g~s 0 c 
u 
x 
velocity where the subscripts f, mf, and t 
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fluidizing and particle terminal velocities 
respectively 
natural velocity of rise of a bubble. 
absolute velocity of rise of a bubble. 
mass fraction of particles in a particular 
size interval 
.1J.12.Eer Case Symbols 
A 
A. 
1 
A* 
B 
B. 
J. 
B·l 
1 
c 
- : constant 
'. 
abrasion rate of constant 
surf ace area 
area of surface zone i 
modified abrasion rate constant 
constant 
standard normal correlation coefficient 
interval estimate of the standard 
normal correlation coefficient 
/ 
concentration of a particular component, 
where the subscripts b and o ref er to 
the molar oxygen concentration of the 
bubble phase and of the inlet air 
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concentration of particulates in the flui' 
gas, equation ( 66 )· 
molar oxygen concentration of the particulate 
phase 
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m2 
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percentile of F-distribution. 
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gas diffusion coefficient 
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bed height where the-subscripts st, dyn 
and mf refer to the static bed height, 
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m 
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m 
Hf 
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st, r. ratio of the static bed height to a bed 
height of 100 mm and referred to as the 
reduced s~atic bed height 
I(d,dmax>- function defined by equation {I25} 
/ 
K-
K 
. bp 
/ 
elutriation rate constant 
absorption coefficient of a gas and 
pgrticulate cloud generally used tp form 
the product KL or the absorption strength 
of the cloud 
elutriation rate constant. 
entrainment rate constant 
gas interchange coefficient between the 
bubble and the pa~ticulate phases. 
-1 
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-1 
m 
.. 2 kg/m s 
kg/rn 2s 
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S . 
I 
(xii) 
Upper Case Symbols 
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Q' 
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combined absorption coefficient for the 
ith component defined by equation (24). 
mean beam length 
bed mass where the subscripts b, c and 
d refer to the total bed mass, the mass 
of carbon in the bed and the mass of 
particles of diimeter d. 
mass flow rate wher·e.~ the subscripts 1/2, 
f, fu, fo, a and g refer to the primary air 
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the coal flow rate, underbed coal flow rate, 
above bed·coal flow rate, total air and total 
gas flow rat~s respectively. 
fluidization index defined as (uf-Umf)/umf · 
overflow rate 
reduced rate of heat transfer frdm.the 
.\ 
gases equation (89) · 
effective volumetric interchange b.et:-veen 
bubble and bed 
rate of heat input to the freeboard zone 
heat removed in the exhaust gases 
/ 
heat absorbed by cooling surfaces in the 
f reeboard zone 
heat liber~ted where the subscripts f and b 
refer to the f reeboard and bed zones 
r_espectively 
heat liberated per unit plan area of 
reactor vessel 
multiple correlatioo coefficient 
reflecied radiant flux density 
rate coefficients defined by equations.(25) 
and (26), where the subscripts t, m and c 
refer to the overall, the mass transfer and 
the chemical reaction rates respectively 
Units 
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kg 
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s 
~s. 
J_ J 
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J_ J 
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thermal resistance ~here the subscripts 
p and w refer ~o the resistance due to a 
'packet' of solids an~ to the wall contact 
resistance r~spectively 
splashing rate constant 
stirring f acto:c 
specific surface area per unit mass of 
particle, equa·tion (66) 
tot~l exch~nge area between surf~ce zone 
i and surface zone j 
total exchange area between surface zone 
i and gas zone j · 
absolute temperature where the subsc~ipts 
b, t, w refer to the bed, tube and peripheral 
wall respectively 
Units 
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m °C/\rJ 
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2 
m /kg 
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absolute temperature where the subscripts to °K 
To 
v. 
l. 
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x. 
l 
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z 
and ~i refer to the outer and inner thermo-
couple temperatures of the heat transfer probe. 
pseudo flame temperature, equation (49). 
surrounding temp~rature. 
volume of the ith gas zone / 
bubble volume 
leav{ng radiant~flux density 
transfer factor denoting th~ number of times 
a bubble interchanges its volume as it moves 
through a bed of height H. 
independent variable of multiple .regression 
analysis 
dependent variable of multiple regression 
analysis 
mean removal rate constant defined by 
equation (131). 
3 
rn 
3 
m 
2 kl:J/m 
-1 
s 
-, 
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Ar 
Nu 
max 
Nu p 
Nto 
Re 
mf 
Re p 
Ret 
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Pr 
Sh 
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p - p 
Archimedes number ( __ §_ __ _:__t, g·p ·d3) µ2 . f 
maximum Nusselt number (h ·d /kf) 
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Nusselt number referred to the particle 
diameter (h·dp/kf) 
Nusselt number referred to the tube diameter 
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dimensionless number defined by equation (30) 
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fluidization velocity 
gas absorptivity 
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used in the definition of the contact 
resistance .,,< 
Kronecker delta defined on page 150 
gas emissivity 
combustion efficiency, equation (54) 
furnace-efficiency, equation (84). 
:ratio of Tg, 'Tw, To and ~to the pseudo 
flame temperature. 
excess air factor 
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Units 
kg/ms 
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frequency of bubble contact with an 
immersed tube, mean frequency of 
variation of the particle convective 
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a shallow fluidized bed, equation (48) 
Pf' P s' P 0 , Pe - density of the f 1 u id i zing gas , the s ~ 1 id 
particles, the coal and the effective 
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to combustion 
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CHAPTER l 
INTRODUCTION 
The twentieth century has been characterised by a desire, 
especially on the part of the Western world, for improved 
living standards. This' has led to dramatic and exponential 
increases ih energy consumption. South Africa as a developing 
nation, has not escaped this trend (1) and it is therefore 
imperative that the finite energy reserves of the country be 
utilized in the most economic and efficient manner. The 
primary source of energy in South Africa has been based and 
will continue to be based for the foreseeable future, on coal 
and this increased energy consumption can be equated to 
increased demands for coal. 
Coal besides being utilized as a source of energy, forms an 
important raw material for the chemical industry as well as 
being consumed by the irori and steel-making industry.· In 
the former, coal is upgraded to form other products, while 
only high grade metallurgical coal can be used in the ferro-
alloy industry. Low calorific value coals having correspon-
. . 
dingly high"ash contents constitute the major portion of the 
coal reserves (2) with the ash being more inherently or 
homogeneously dispersed in the coal body than the ash found 
in coals in the northern hemisphere (3). South African 
coals are therefore difficult to wash to produce a low ash 
quality material.· Proven, extractable coal res·erves, on 
the basis of coals having an ash content of less than· 35 per 
cent have been estimated as 25 boo million tons (2) of which 
only a small proportion is made up of metallurgical coal, 
an{hracite and low ash steam coal. This coal should be 
conserved for use in sp"ecific industries while the poorer 
grades of coal can be b~rnt as a source of energy for steam 
raising in both the industrial and electricity supply industries. 
Further, the possible utilization of coals having ash contents 
in excess of 35 Per cent wouJd or.'t?atlv ~ u increase the available 
coal rcserVf:'':". r 
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It is therefore evident, that thE coal resources though large, 
are nevertheless finite and must be used as wisely as possible. 
This means that coal previously unmined because of its poor 
quality, and coal discarded from coal washing associated with 
the export-market, must be used for energy production. Further 
wastage has occurred due to the over supply of duff coal (i.e. 
coal of size less than 6,3mm)to the industrial market which 
cannot utilize this fueL efficiently on traditional forms of 
coal burning· equipment. This wastage of duff coal "is there-
fore a problem area where solutions must be found; not only 
in putting good coal to use but also by decreasing the pollution 
of the atmosphere by the burning of the fines on a dump" (2). 
Poor quality coal can therefore be defined as that which is 
not easily utilized. 
Earlier work by Naud~ and Dutkiewicz (4) indicated the poten-
tial of fluidized bed combustion for burning these poor 
quality fuels. The combustion efficiencies were largely 
affected by the proportion of fines contained in the fuel 
and in many instances large carbon losses were measured. 
1.1 THE FLUIDIZED BED COMBUSTOR FURNACE 
In order to utilize the energy contained in these poor quality 
fuels, the chemical energy has to be converted to heat for 
raising the temperature of a working medium, or more commonly 
for the generation of steam. The fluidized bed combustor 
' furnace utilized for steam raising therefore is made up of 
a fluidized bed zone and a radiant furna~e chamber extending 
above the fluidized bed and forming the freeboard or •dis-
engagement space for those particles ejected into the region 
above the bed. The main components of the furnace· are 
illustrated diagramatically in Figure 1. 
The major proportion of the energy in the fuel is liberated 
in the bed zone, whilst the high heat .transfer coefficients 
associated with fluidized beds ensure th~t a considerable 
amount of heat is transferred to cooling surfaces in contact 
, 
I 
~ 
I 
secondary 
air 
fuel 
air' 
Figure l 
_:3_ 
heal in off 
gases 
t 
' 
FREEBOAR 0 
heat transferred 
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with the fluidized bed. The freeboard section above the bed 
forms a radiant heat-transfer ·chamber in which both homogeneous 
gas combustion and the further combustion of entrained fuel may 
take place. 
A definite physical boundary between the two zones is not 
apparent due to the expansion of the fluidized bed as the 
operating conditions ch9nge and ·in particular as the gas 
velocity increases. It is therefore evident that the coal-
fired fluidi~ed bed combu~tor furnace accommodates both heat 
transfer and combustion processes in each of the two zones. 
The work done by a number of investigators into each of these 
phenomena viz. fluidization, heat transfer above and within 
the fluidized bed, combustion and the entrainment of particu-
lates is reviewed in the following sections. Although both 
liquid and gaseo~s fuels may be burnt in a fluidized bed, 
only the combustion. of coal was considered in view of its 
relevance to South African industry. 
1.2 FLUIDIZATION 
Fluidization is not a new technique, but has been used 
extensively in the chemical industry, becomfng "after 1940 
one of the chemical engineers' and extractive metallurgists' 
most important tools" (5). Since then a vast quahtity of 
information both th~oretical and empirical has been accumu-
lated on the 'subject. 
-~he process of gas fluidization .can be described by considering 
a bed of particles resting on a pBrf orated or porous plate or 
similar d~vice which wo~ld serve as an air distributor. At 
low flow rates, ~he air passes upwards thrciugh the bed between 
the particle~ wh~ch behave as a fixed bed. As the flow rate 
is increase~, a point will be reached at which the pressure 
drop across the bed becomes equal to the weight per unit area 
of the bed and the bed is then at the point of becoming 
fluidized. The velocity me~sured in terms of the empty 
, 
-5"'." 
vessel is designated as the superficial gas velocity and its 
value at which fl~idization occurs is called the minimum 
fluidlzing velocity. If the flow rate is increased above 
this value, "one of two things will occur; either the bed 
will continue to expand so that the average distance between 
the particles will become greater, or the excess fluid will 
pass through the bed in the form of bubbles giving rise 
essentially to a two phase system. These two types of 
fluidization are referred to as being respectively 'parti-
culate 1 and 1 aggregative 1 " ( 6, p. 26). In general, aggregative 
fluidizatiori is associated with most gas-solid systems and 
particulate fluidization is associated with most liquid-solid 
systems. Harrison et al (7) have suggested that the type of 
fluidiz~tion could be related to the maximum stable bubble 
size which can exist in the bed. They have also found that 
this can be related to the mean diameter of the particles. 
Kunii and Levenspiel (B, p.BD) attribute the difference be-
tween particulate and aggregative fluidization to the difference 
in the densities between the particulates and the fluidizing 
medium. 
The work described in this thesis makes exclusive use of 
aggregative fluidized beds and only this system is consi-
' 
dered in the followirig discussion. As the gas flow is 
increased through the bed the fluidization becomes steadily 
more vigorous taking on the appearance of a violently boiling 
liquid. Further increases in the gas velocity may result in 
a transition from the bubbling regime to a slug flow regime 
which is also depend~nt on the geometiic~l configuration of 
' . 
the system. A limiting condition will eventually be reached 
at which the gas velocity becomes equal to.the free fall velp-
city of the particles, in other words the particle terminal 
velocity. At this point the partitles are carrie~ out of 
the vessel in the fluidizing gas. The fluidizing vessel then 
behaves as a pneumatic conveying tube. The qualitative dif-
ferences between the various fluidization regimes have been 
illustrated by Zenz and Dthmer (9, p.231) and their diagram 
,. 
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is reproduced in Figure 2. 
The f~uidization process is therefore limiied by the minimum 
fluidization velocity nn the one hand, and the particle 
terminal velocity on the other. Further, f luidization across 
the cross section of the bed should be uniform to overcome 
-
problems which may arise as a result of channelling due to 
preferential gas flow thTough the bed or random slumping of 
various sections of the bed. 
1.2.l The Minimum Fluidizing Velocity 
The determination of the minimum fluidizing velocity is of the 
utmost impo~tance in the design of fluidized beds as it sets a 
lower limit for the fluid throughput and is a basic variable 
of those mathematical models based on the two phase theory of 
fluidization. The definition of the minimum fluidizing vela-· 
city may be simply stated as the velocity at which the bed of 
particles becomes fluidized. In practice the point of 
fluidization is not as clearly defined as the precedi~g de~ 
finition may imply and the definition is best described by 
considering Figure 3. Point A represents the bed of particles 
when a gas is passed through the bed for the first time. As 
the velocity is increased, the pressure drop' increases in 
accordance with a fixed-bed pressure-drop to velocity relation-
ship. Because of the tendency of the particles to interlock 
with one another, partial bridging can occur and pressure drops 
in excess of the theoretical vaiue will be obtained (6, ch.3)o 
The curve passes throug~ a maximum press~re drop exhib~ting a 
small .characterist·ic "hump" as shown in figure 3. On increasing 
the velocity still further, the pressu~e drop across the bed 
remains constant ~ntil the v~loc~ty attains a value equal to 
the particle terminal velocity. At this point the fluidized· 
bed ·r~actcir vessel behaves as-~ pneumatic conveying tube. On 
decreasing the velocity from P?int E to B, the pressure drop 
through the bed remains constant once again. Point B repre-
sents a deviation from the ideal de-fluidizing curve which is 
shown by the dashed lines. The deviation is a result of 
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non-uniformity in the bed structure resulting in fixed and 
fluidized regions coexisting within the bed. Although the 
bed may appear to be well fluidized, part of the bed may be 
supported by the distributor resulting in the pressure drop 
being less than expected. Further decreases in velocity 
result in a pressure drop characteristic displaced to the 
right of the original line. This is as a result of the par-
ticles becoming rearranged so that the resistance to flow is 
minimized and in general the voidage ·will have increased to 
the value .ex is t in g at the poi n t of min i mum fl u id i z at ion • 
Further increasing and decreasing of the gas velocity will 
be represented b.y the line CFBE. The minimum fluidizing 
velocity can be obtained in practice by determining the 
intersection of the constant pressure line and the straight 
section of the line CF obtained on slowly decreasing the 
velocity. The intersection of these two lines is indicated 
by the point D in figure 3. 
In view of the variation of the minimum fluidization velocity 
with temperature (10) it is necessary to be able to calculate 
the minimum fluidizing velocity. Three different semi-
empirical methods have been employed. The first involves 
the determination of the drag coefficient for a single particle 
• 
which is found to be related to the drag force of the multi-
particle system by the voidage fraction raised to some power 
(11), (12). The second approach adopted in a later paper (13) 
proposes that the incipient fluidization conditions be charac-
terized by ~ generalized fluidization and sedimentation corre-
lat~on. Fihaliy, the most common m~thod·is based upon a · 
fixed bed pressure drop" correlation where the pressure drop 
is set equal to the effective soli~ weight of the bed. The 
voidage dr~ction at minimum fluidization conditions is then 
used in this correlation. ·The bed pressure drop urtder ihese 
conditions is simply the constant pressure indicated in Figure 
3 and can be obtained from equation (1). 
(1) 
,. 
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For small particles, where the flow can be assumed to be 
laminar, a Kozeny-Carman type ~elation is generally used 
to relate fixed b~d pressure drops to velocity. As the 
particle Reynolds number increases from about 20 to 500, the 
flow would ~e in the transitional flow regime and Leva 
(14, ch.3) recommends that the pressure drop be proportional 
to velocity raised to a power, the value of the exponent 
depending on the Reynolds number and ranging from unity to 
two. Hence for larger particles a more general equation 
such as the Ergun pressure drop equation for fixed beds would 
yield the best results (6, p.35). Equation (2) represents 
this relationship at minimum fluidizing conditions from which 
the minimum fluidizing velocity can be calculated. after the 
particle Reynolds number has been evaluated. 
150·(].,...af) 
• m 
1, ?5 
2 Ar = Remf + Re (2) 2 3 3 mf 
dJ . a . 
·s mf cp . a 
. s mf 
The first term on the right hand side of equation ( 2 ) is 
proportional to the losses as a result of viscous forces, 
whilst the second is proportional to the kinetic energy 
' 
losses. It is of interest to note that the Archimedes 
number Ar, is dependent only on the temperature of the fluid 
and the particle diameter raised to the thi~d power. Wen 
and Yu (12) have correlated the data of numerous workers into 
an equation in which the particle shape factor and the bed 
voidage at minimum fluidizing velocity have been eli~inated 
as parameters. This correlation is represented by equation 
(3) ~nd has a standard deviation of 34% from the data used in 
its derivation. 
2 
Ar = 1650· Remf + 24, 5 ·Remf . (3) 
Another simplified relationship of Tades. (6, p.513) obtained 
by a~suming the voidage to be 0,4 at the minimum fluidizing 
velocity is given by equation (4). 
Ar 
= 
5, 22 Ji;' ( 4) 1400 + 
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Pata and Hartmann (15) have compared the results obtained from 
a number of different sizes of lime and limestone p~rticles 
with the predicted values for minimum fluidizing velocities 
with a number of different empirical relationships. The Ergun 
relationship given by equation (2) was found to yield the best 
predictions whilst the use of equation (4) yielded results only 
marginally inferior to those of equation (2) in most instances. 
In some case~, and particularly with the limestone particles, 
better results could be obtained from the use of equation (4). 
In view of the simplicity of this latter relationship, it was 
decided to utilize 9quation (4) for the evaluation of minimum 
fluidization velocities in this thesis. 
1.2.2 Entrainment and Elutriation 
Kunii and Levenspiel (8, ch.10) ~~ke a distinctiori between 
entrainment and elutriation. They state that "in general, 
entrainment refers to the remov~l.of solids from the bed by 
the fluidizing gas •••• " and that "elut~iation refers to the 
separation or removal of the fines". From this it· is evident 
that the elutriation rate approaches the en~rainment rate as 
the freeboard height becomes very large. Thus elutriation 
refers only to the removal of those particles less than the 
particle size dt, whose terminal velocity is the same as the 
superficial gas velocity. 
A number of workers have correlated elutriation rates in terms 
of an elutriation rate constant by an equation of the form 
1drfz(d) 
A.dT = 
,,..m(d) 
K-M 
(5) . 
Two of these.correlations by Wen and Has8inger (16), and Yagi_ 
\ 
Aochi (2, p.646) have established elutriatio~ rate constants 
in terms of a number of parameters but including the par~meter 
(uf-ut), i.e. the difference between the superficial gas velo-
city and the particle terminal velocity. Merrick and Highley 
(17) have found such existing correlations of elutriation rate 
constants to be inadequate, particularly for the finer parti-
cles and the coarser particles. Most of the crirrelations 
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predict that particles of diameter greater than the particle 
of size dt, are not elutriated whereas it has been found (17) 
that even with freeboards of about 4 metres this is incorrect. 
Merrick and Highley conclude that the existing empirical and 
semi-empirical correlations which have generally been obtained 
from small slugging beds are not applicable to their data. 
They derive a new form of correlation based upon dimension-
less groups incorporating the particle terminal velocity, the 
minimum fluidizing gas gelocity, the gas mass flow rate, and 
the particle entrainment rate. Their relationship is given 
by equation (6). 
U· t 0 5 u 0 25 
A+ 130-exp{ -10,4·(-), .( mf ) , } 
uf uf - umf 
It is interesting to note that the use of the parameter 
(ut/uf) enables the prediction of particle entrainment 
rates even for those particles having terminal velocities 
in excess of the prevailing superficial gas velocity. 
(6) 
Geldart et al (18) have presented a similar equation ~nd 
calculation procedure which also enables the prediction_ of 
the entrainment of part-icles greater than the particle of 
size dt• They have further noted a significant increase in 
• 
the carry-over rate of coarse particles when fine and coarse 
particles are mixed. ~They have incorporated this effect into 
their relationship for the entrainment rate constant by making 
use of an effective gas density 'p ' . 
is given by equation (7). 
K' 
p •u 
e f 
= 
e 
Their relationship 
(?) 
It shou~d be noted that equations (.6) and (7) are used for 
the derivation of the entrainment rate constant Kl as dpposed 
to the elutr~ation rate constant K. It should be evident 
that the elutr~ation rate constant K will be independent of 
the physical dimensions of the fluidized-bed reactor vessel 
whereas the entrainment rate constant Kl is dependent on the 
physical dimensions of th~ plant, the type of distributor and 
, 
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so on. This dependence on the plant is accommodated by the 
constants A, B and C. 
Gibbs (19), in his development of a combustion model, intro-
duces a splashing rate constant to account for the entrain-
ment of those particles of a size larger than would be 
elutriated. This second approach considers entrainment 
as being made up of two ,mechanisms, spla~hing and elutriation. 
This elutriation rate constant could be obtained from one of 
the well established correlations for elutriation (16), 
whilst the splashing rate constant would have to be obtained 
empirically. This latter constant would clearly be depen-
den~ on the plant dimensions and corrections to this value 
would have to be made when comparing the results from 
different fluidized bed reactors. 
1.2.3 The Particle Terminal Velocity 
Inherent in the determination of the elutriation and the 
entrainment rates is a knowledge of the particle terminal 
velocity. This is easily obtained from Stokes' law for 
low Reynolds numbers, the Schiller Naumann equation for 
intermediate values and Newton's law for high values (6,p.51). 
Pata and Hartmann (20) have investigated th~ use of various 
equations for predicting the terminal velocities of lime and 
limestone particles. From their results, the single rela-
tion proposed· by Tod es ( 20) · and represented by equation ( 8) 
gave predictions of similar accuracy to those proposed by 
more complex for~ulations. 
Re t = . Ar / ( 18, O + ~Ar ) (8) 
In view of its simplicity and lts accuracy in velocity and 
paiticle size ranges close to those employed in the work 
described by this thesis, equation(B)has been employed for 
the determination of partic~e terminal velocities. 
- -13-
1.2.4 The Mean Particle Diameter 
The bed material will be made up of particl~s having a range 
of diameters. It is therefore of value to define a mean 
particle diameter. A large number of different means or 
averages may be defined (9, ch.3), the significance of which 
is largely depen~ent on the use to which the material is t~ 
be applied. A number of workers have found that the volume 
to surface ratio of a particla best characterises the mean 
particle diameter for use in the f luidization relationships 
(21, p.68). For spherical particles, equation (9) should 
be applied. 
d ~ p 
1 
~ x/d· 
x 
(9) 
The above equation ~an be used for non-spherical ~articles 
if the diameter of the_sphere with the same specific surface 
as the particl~s is used. A shape factor or particle 
sphericity, is defined by equation (10) to allow the equations 
derived for spherical particles to be used for particles of 
different shapes. ' 
= 
\ 
surface area of equivalent volume sphere 
surface area of the partiote (10) 
The diameter dx of equation (9) is thus replaced by ¢3 ·dx 
for the equation to apply to a different shape~ particle. 
/ 
1.2.5 Large Particle Fluidization in Shallow Beds 
Davidson and Harrison (22"'; p.19) have proposed the two phase 
theory of fluidization as a means of describing aggregat~ve 
fluidization. The model is developed by considering a bed 
~s a two pha~e system, consisting of a partic~late phase in 
which the flow rate is equal to the flow rate at incipie~t 
fluidization,· i.e. the voidage in this phase remains ess~n­
tially the same as that at incipient fluidization; and a• 
bubble phase carrying the flo·w in excess of that required to 
fluidize the bed. This two phase model was developed from 
work on relatively fine particles on smalf laboratory scale 
rigs. 
' 
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Yerushalmi and Cankurt (23) define three fluidization regimes 
for fairly small particles (about 0,03 to 0,3 mm diameter) 
operating at high gas velocities. Initially a bubbling 
fluidized bed exists, "as the velocity across the bed is 
raised, the heterogeneous two phase character of the bed 
first peaks, then gradually changes giving way to a condition 
of increasing uniformity culminating in the turbulent state 
in which large or discrete bubbles or voids are absent. In 
the turbulent fluidized bed, there is an upper bed surface 
though it is considerably more-diffuse than in a bubbling 
fluidized bed because of the greater freeboard activity 
attending operation at higher gas velocities" (23). On 
increasing the velocity still further, the fast fluidized 
bed develops in which all the particles are entrained and 
reintroduced after being separated from the gas stream in 
a cyclone. This third flow regime is similar to the circu-
lating fluidized bed described by Reh (11). The original 
identification of a turbulent flow regime has been attributed 
to Lanneau (24) who also used very fine particles. 
Fluidized beds of coarse particles, about l mm diameter 
particles, are generally employed in fluidized bed coal 
combustors. Further, these combustors have large cross 
~ 
sectional areas, and particularly in the case of atmospheric 
combustors the bed depths are limited to reduce the fan power 
requirements. This results in very low bed height to reactor-
vessel diameter ratios and the. well developed slug flow illus-
trated in Figure 2 may not be possible. 
Canada et al (25) have also defined a bubbly flow an~ a 
turbulent flow regime for gas fluidized beds. However, in 
the transition from bubbly to the high velocity turbulent 
flow a further two regimes are identified; apparent. slug 
flow, and a subset of the apparent slug flow called plug 
flow. 
Bubbly flow was characterized by small diameter individual 
bubbles passing through the bed, whilst in apparent slug flow 
, 
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the b~bbles coales~e into large diameter voids which produce 
large bed oscillations and cyclic heaving of the bed surface. 
The term apparent slug flow regime was used as the beds were 
shallow thus preventing the classical train of large diameter 
bubbles required for established slug flow. Plug flow was 
used to define those situations in which a one dimensional 
plane wave was observed near the distributor. This wave 
would break down before,. reaching the bed- surf ace to form a 
number of slugs. Turbulent flow, which occurred at high 
velocities was characterised by smaller voids and more 
extensive lateral mixing than the apparent slug flow. The 
turbulent flow regime was further accompanied by a reduction 
in the amplitude of the periodic pressure fluctuation. 
It would appear that the amplitude and frequency of the bed 
pressure could be utilized to define different fluidization 
flow-regim_es for coarse particles in shallow fluidized beds. 
Tamarin (26) has correlated the frequency of periodic bed 
fluctuations in terms of a modified Froude number. Verloop 
and ~eertjies (27) have shown that by considering the damping 
mechanism of a fluidized bed of solids, pressure fluctuations 
can only occur in systems with a high ratio of solids to 
fluid density. They (27) further indicate that purely 
periodic pressure fluctuations occur in shailow fluidized 
beds, as long as the height of the bed is smaller than the 
wavelength. A limitation of these studies is the low ratios 
bf Uf/Umf employed. The maxim~m value beih~ of the order 
of 2,0. They establish the natural frequency of the bed by 
the relationship given by eq·uation, ( 11). 
\) = 1 g·(2,....aJ 2·rr Ha ·a yn 
CZ1 J 
from which the period .of rise of a bubble can b~ obtained from 
equation (12) 'using the static bed height 
= U.2) 
- a J- ( i - a J·g 
, 
I 
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Catipovic et al (28) have presented a qualitative map of the 
regimes encountered when large particles are fluidized. They 
define two main regimes, the bubbly flow regime and the tur-
bulent flow regime. The bubbly flow regime is then sub~ 
divided into slow, fast and rapidly growing bubbles. A map 
(28) of the flow regimes is represented by Figure 4. From 
their analysis it is apparent that for much of the work into 
fluidized bed coal combustors using co~rse particles of size 
greater than 0,5 mm, the fluidization conditions would best 
be represented by the rapidly growing bubble regime~ This 
regime is characterised by large pressure drop fluctuations 
and is similar to the apparent slug flow regime of Canada 
et al (25). 
1.3 HEAT TRANSFER 
. In considering a fluidized bed combustlon chamber whi~h would 
typically be applied to the generation of steam, two distinct 
regions or zones can be distinguished. The fluidized bed 
zone in which high rates of heat transfer are apparent, and 
the above-bed zone or freeboard in which the bulk of the heat 
transfer takes place due to radiation. These two zones have 
been diagramatically represented in Figure 1. 
l.3ol Fluidized Bed Heat Transfer .' 
A considerable amount of interest has been generated in the 
heat transfer properties of fluidized beds over the last 
-tw~nty years leading to a wealth of information both theore-
tical and empirical. However, care has to be taken in 
employing many of the correlations and theoretical models in 
\ 
view of many being dependent on narrow operat{ng ranges for 
whic~ they.were derived. Further fluidized-bed processes 
have traditionally involved the use of deep beds of fine 
solids. 
In considering the heat transfer in fluidized beds a distinc-
tion is generally drawn between the heat transfer between a 
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surface and a fluidized bed, and between the solid particles 
and fluidizing agent. Only the former will be consid~red 
in detail. In plotting the heat transfer coefficient as a 
function of velocity (6, ch.10), this coefficient is observed 
to rise rapidly after the minimum fluidizing velocity Umf is 
reached, .attain a ma~imum at some velocity a little great~r 
than Umf, and then to diminish steadily with increasing 
velocity. 
Figure 5. 
The form of .the relationship is represented by 
In view of the vigorous mixing of the particles, heat trans-
fer within the bed is very rapid leading to the bed being 
considered as practically isothermal. The particles act 
as local sources or sinks of heat. In the combustion of 
coal particles within a fluidized bed, the burning coal 
particles are effectively cooled by transferring heat to 
the inert bed material or.to the fluidizing medium and then 
to the inert, particulates. The bed particles then transfer 
heat to the immersed coolirg surfaces. When radiant heat 
exchange is small, the particles transfer heat to the sur-
face by conduction through a gas film. The particles 
usually remain in the bulk of the bed for a sufficient 
length of time such that they attain the temperature of 
the bulk of the bed. Fresh particles are periodically 
swept into contact with the immersed surface. The tempera-
ture difference at which the transfer takes place decays 
steadily thus reducing the heat transferred until these 
particles in contact are replaced by new particles at the 
temper~t~re of th~ bulk.of the bed thus restoring the maxi-
mum temperature between ~~rticles and cooling surface. Thus 
highest .heat transfer rates are to be expected when there is 
a rapid.replacement of particles at the surf~ce. 
a) Mechanisms of fluidized bed heat transfer 
The basic mechanisms of heat transfer between a fluidized bed 
and a contacting surf ace are firstly due to the convective 
transfer as a result of.both particulates ·and gas, and secondly 
due to the conduction of gas ihrough the thermal boundary layer 
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at the surface {21, ch.4). Two basic models can be dis-
cerned. The first approach considers the bed as a simple 
system comprising a continuous phase made up of the gas and 
a discrete phase comprising the solid (29). The heat con-
duction equations are solved for a single spherical particle 
during its residence time at the surface. Gabor (30) has 
reported on extensions of this model to consider two and 
four particle thick lay~rs. 
The second approach is based on the "packet" theory of 
Mickley and Fairbanks (31) who considered a packet of 
constant voidage fraction to be swept into contact with 
the heat exchange surfa~e for a period of time. During 
this interval, heat is exchanged until the packet is re-
placed. In developing the packet heat transfer model, a 
number of components to the total heat transfer coefficient 
can be defined as being due to gas bubbles, the packets of 
solids and gas. The total heat transfer coefficient is 
(6, pg.478) 
= hb•fb + ( 1 - fb )· ( h + h ) + h 
· p,c g,c · r (13) 
where f b lS the fraction of the heat transfer surface 
occupied by gas bubbles. In practice, the convective 
component is very much larger than that contributed by the 
bubble, and as such the bubble component can be neglected. 
Therefore the heat transfer coefficient to a gas fluidized 
bed can be thought of as being made up· of-three components 
( i ) 
{ii) 
{iii) 
the particle convective component, 
the gas convective component, ·and 
the radiative component. 
The first of these ls dependent on the particle exchange 
rate and has been fairly well researched in· low t~mperature 
small scale apparatus. On the other hand, the gas convec-
tive compone~t is difficult to measure, and Botterill and 
Denloye (32) have continued the earlier work (33) into its 
evaluation. The convective component is only of significance 
in high p~·essure beds usi11g large part.icjes, \r,ihiJst the 
I 
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radiative component is only of significance under fairly high 
temperature conditions in excess of 800°C. 
Mickley ~nd Fairbanks (31) have established that the rate of 
heat transfer between the surface and the packet is dependent 
on the bed properties and a stirring. factor which accounts 
for bed motion and geometry. 
ted in equ~tion (14) 
Their relationship is presen-
(14) 
which can further be written in terms of a packet residence 
time as given by equation (15) 
h :::. ..£.. /k . p c I I T~ p, c 7r V m m , ps (15) 
Baskakov (34) extended this model by introducing a contact __ 
~esistance which can be ~onsidered to be independent of time 
and to be in series with the packet re~;istance. Thus 
RP - 1 I ht 
R 
w = 
(16) 
(17) 
Fro~ equation (17) . + . i, .is seen that an 8Verage gas film thick-
ness has to be evaluated. This· film thickness is generally 
assumed to be pro¢ortional to the particle d~ameter. Various 
workers have accorded different values for this film thick-
ness ranging from O,l·dp to about 0,5·dp {35), (36). It 
is evident that the evaluation of a contact resistance is 
based upon empirical considerations which enable a good data-
f it to be obtained. Kubie and Broughton (37) have attempted 
to overcome this limitation by describing the voidage varia-
tions near the surface from simple geometric considerations. 
The modified packet theory developed is in good agreement with 
data where conduction is the predominant mode of heat trans-
fer. Yoshida et al (38) consider the heat transfer mechanism 
to take pl~ce as a combination'of the unsteady state absorp-
tion of.heat by fresh pa~ket element~ (31) and as the result 
of steady state conduction through the emulsion layer which 
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is not often swept away (39). It is clear that the two 
mechanisms (38) may occur as a combination or in certain 
instances one may predominate. This is particularly true, 
where solid flow pa~terns may result in isolated heat trans-
fer surfaces immersed in a bed being subject to more violent 
bubble action whilst the heat transfer at the peripheral 
walls may be as a result of a steady downflow of solids~ In 
this latter instance the steady ~tate conduction of heat will 
predominate for large residence times. 
It is evident that in view of the' wide range of paramete~s 
associated with fluidized bed heat transfer a unifying theory 
or mechanism is not apparent. It is therefore prudent to 
utilize the simplest mecha~ism which adequately describes 
the phenomenon in the range considered. Although some of 
the models, such as those employing a contact resistance can 
be considered as a curve fi~ting technique for the available-
data, they nevertheless provide a valuable tool for design 
and for empirical studies. ;;:.. 
b) The Radiative Component 
\. · .. 
Equation (13):suggests th~t the effect of ~adiation may be 
considered as being purely additive, ~~vTe\ilf shared by many 
investigators (21, p.237), (40). However, although 
Zabrodsky (41) has indicated that this may not be the case, 
the simple addition of the radiative component often suffices. 
Indeed, the relative magnitude of the radiative component 
has been disputed. Some workers (42), {43) have found the 
~ontribution to be very small below l000°C, whilst relatively 
0 -- ---
high c?ntribut~o~s-~y r~diati9n of about 5% at 500 C rising 
to valu.es of scime 50 to 60% of the total heat transferred ~t 
1400°C have been reported (44). Yoshida et al (45) have 
considered radiation .to take· place when the surface is in 
contact with the bubble, whilst when in contact with the 
emulsion phase, heat is transferred by conduction through 
the gas layer. Whilst this may be true for fine paiticles, 
the effect of .large particles will be to expose a larger area 
of particle surface at a greater distance from the cooling 
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d) Heat Transfer to Immersed Surfaces 
In view of the disturbance caused by the immersion of tubes 
in a fluidized bed being less affected by the scale of the 
equipment, more general applicability of existing correla-
tions can be expected when utilizing deep fluidized beds. 
However, for the shallow bed, immersed tubes can easily be 
affected by conditions existing close to the .distributor 
which could be very different from the bulk of the bed.' As 
the work performed in this thesis is concerned with horizon-
tal tubes as the immersed surface, only ·this form of immersed 
surf8ce is considered. 
Vreedenberg (49) was able to correlate his data for coarse 
particles for an immersed horizontal tube to within ~ 29% 
by a relationship which can be written in the following form~ 
Nu to 
0,3.0,3 -0,3 
= 420 ·Re to· Pr ·Ar · (19) 
Al Ali and Brought6n (50) obtained the Nusselt number as a 
function of the Archimedes number only, wh~n consider~ng the 
heat transferred from a low temperature $hallow fluidized bed 
to an immersed tube. More recently (51) an attempt has been 
made to obtain a universal correlation for horizontal tube 
. 
bundles which was not dependent on the apparatus for use in 
the scale-up of fluidized bed coal comb us tors. However. even·-
this work (51) tended to utilize deep beds, having static 
heights of the order of 600 mm. Andeen et ai (52) have 
found their information correlated bast in a form given by 
equation (19) but includipg the factor (1 -a )to take into 
account the bed expansion. 
It is evident, therefore, that though some form of correla~-
' tion may be possible for deeper beds, the sam~ cannot be said 
for immersed horizontal tubes in shallow fluidized beds. 
Whilst there is no clear-cut definition of a shallow.bed, 
those beds of height less than 300 mm and where the bed 
... 
height to bed width is less than 0,5 are generally regarded 
as being shallow~ Al Ali and Broughton (50) refer to thermal 
gradients which can readily be established in shallciw be~s as 
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well as entry effects, both of which could easily affect the 
measured heat transfer coefficient. 
1.3.2 Above-Bed Heat Transfer 
The shallow fluidized bed combustion chamber contains a free-
board zone above the bed. This zone provide~ a region in 
which particulate matter ejected from the ~urface of the bed 
can disengage from the transporting gas stream and return to 
the bed. The combustion process is also completed in this 
region whilst this zone above the bed enables the further 
transfer of heat and a cooling of the product gas stream. 
At the interface between the bed and the freeboard zone, a 
le:'3n phase r.loud is fnrrn'3d 1·1hich 2ffects both radiation and 
reaction processes (53). 
The above-bed zone can therefore be regarded as a radiant 
furnace chamber with one of its boundaries being a high 
temperature radiating source viz. the ~pper surface of the 
bed. The gases leaving the bed are normally at the bed 
temperature and can clearly be considered as part of the 
heat input to the furnace i.e. the above-bed zone. A 
number of methods are available for assessing the performance 
of such a radiant type furnace ranging from the very basic 
well stirred furnace models to more complex approache~ 
having large computational storage re~uirements. 
Lihou (54) has presented a very good review of the available 
furnace design methods. The-long furnace model assumes 
that the adiabatic flame temperature occurs at the burner 
and that the flue gas flows in plug flow through the furnace 
exchanging heat to the periphery without any gas backmixing. 
In the zone method of analysis (55) the furnace is divided 
into a number of gas and surface zones. The direct exchange 
factcirs for a clear gas, and the total exchange factors for 
a grey gas, for each of the zone pairs have to be evaluated 
before the method can be ~til~ied (56, ch.14). The smaller 
the zones, the closer the system approaches reality; however 
the complexity increases rapidly. -In the event that details 
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of the heat flux through the furnace walls are not required, 
the zone method of analysis can be simplified to the single 
gas zone model (57). This model is also known as the 
stirred furnace model and assumes three zones; a sink and 
refractory forming two surface zones enclosing the combustion 
products which form a gas zone. Assuming that the gas leaves 
the system at some temperafure being less than the mean gas 
temperature by an amount ~ , Hottel and Sarofim (56, p.461) 
derive the following dimensionless equation. 
i. 
Q'·D' + e = r 1 + a~ ... Q' Ji. 
w 
. (20) 
which can be considered as a 'characteristic' type equation 
of a well-stirred furnace. 
Lihou (55) also discusses flux methods which enable the 
modelling of continuous changes in gas temperature and 
optical properties which cannot be _described by discrete 
homogenous zones. The Monte C~rlo method (55) allows gas 
zones to be defined which match the shape of the furnace 
and its flow patte~ns. The Monte Carlo method is parti~ 
cularly useful when unusually shaped zones are encountered. 
For simple shapes, the extra computatior.al effort required 
in the Monte Carlo method is not usually justifiable. 
Radiation from gases is a complex phenomenon anci is described 
in most standard texts on heat transfer (58). If the refl~c­
tivity of the gas is negligible and the gas is grey, the 
emissivity and absorptivity can be obtained from equation (21). 
£g = ag = 1 ~ exp( ~KL ) {21) 
Hottel (58) has derived ga~ emissivity charts for the evalua-
tion of combustion products. In order to retain the accuracy 
of the gas emissivity over a wide range of me·an beam lengths, 
the gas can be represented as the weighted sum of grey gases. 
For engineering calculations, no more than four terms woul~ 
normally be required. This representation of the gas as a 
sum of grey gases in reality represents an ~xponential type 
.of curve fitting technique. Thus for a particular gas -
temperature the gas emissivity will be given by 
= L. a .( 1 - exp { - k~·pL } ) 
. g, i. " 
'/., . 
(22) 
It is further found that the weighting factors agi can carry 
the full burden of expressing_ the effect of temperature on 
Eg(56, p.251). 
In the coal fired fluidized bed combustor, particulates_ will 
be entrained in the gas stream and these will have_an effect 
on the radiative properties of the gas. However, allowance 
for the effect of particulates is not readily effected and a 
number of approximations have to be made. Johnson et al 
(59) allowed for the e~issivity of soot in oil flames by 
representing the sqot as a weighted sum of grey gases in the 
same way as a real gas was represented, cf equat{on (22). 
v· 
This is not strictly correct, as the soot absorption co-
effici~nt is found to be a line~r function of temperature 
( 6 0) • However, for use of the zone method of analysis, it 
is expedient to obtain the absorption coefficients in a form 
independer.t of temperature. Johnson et. al (59) impose the 
further restriction that the weighting factors for the soot 
equations are similar to those for the gas emissivity 
equations agi • Thus it.is possible to obtain an emissivity 
equation for the combined gas soot mixture as 
E: = ~ a ·( 1 -· exp { ... K.·L } ) m i g~ '/., . -z; / where 
(23) 
K. ::: k s,i + kg i ·(pw + p ) '/., () , . ~ 
(24) 
Although the above equations have been expressly determined 
I 
for soot particles having diameters less thari 0,05 microns, 
Field et al (61, ch.3) and Becker et al (62) have utilized 
a similar approach when describing the radiation from clouqs 
of particles arising from pu~verized coal fired furnacas. 
With the larger particles, the effect of scattering of the 
radiation on the absorption should also b~ considered (61, 
·p.93). 
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1.4 THE COMBUSTION PHENOMENON 
"When coal is heated to a suffic.iently high temperature it 
begins to decompose producing tars and gases termed volatile 
matter or just volatiles. The volatiles consist of a mixture 
of combustible gases, carbon dioxide and water vapour. Apart 
from the carbon dioxide .and hydrogen the combustible gases 
are mainly hydrocarbons, although there are small quantities 
of phenolic and other compounds 1' (61, pg.155). The combustion· 
of coal thus comprises two reactions, a homogeQeous gas phase 
combustion reaction, and the heterogeneous r~action that takes 
place at the surface of the char that remains after the evolu-
tion of the volatiles. 
The rate at which the volatiles are evolved, or the rate at 
which the coal particle decomposes depends on the time/ 
temperature history of its heating. Twc classes of decompo-
sition reactions aia distinguished (61, ch.4), rapid decom-
position involving a particle heating rate of the order of 
104 °C/s or more with a decomposition period of less than 
one second, and slow decomposition in ":'J;,hich the particle is 
heated at a rate of 10°C/mih. Rapid decomposition rates can 
only be attained with very small coal particles, less than 
100 micron, as a finite time is required for a large particle 
to be uniformly heated, as well as to all6w for the diffusion 
of the volatile matter away from the su~face of the remaining· 
char particle. 
Pitt (63) has studied. the rate of evolution of volatile matter 
from coal particles by mixing coal with preheated sand in a 
preheated reaction vessel. The sand and coal parti~les were 
then fluidized with nitrogen and the rate of decomposition----
measured. The minimum 'time scale of decomposition was limited 
0 . 0 
to 10 seconds whilst temperatures of 300 to 650 C were used. 
The results indicated that a major portion of the volatile 
matter was evolved within the first 10 seconds even at the 
lower temperatures. Skinner (64, pg.104) states that the 
volatiles are evolved within the first two to three· seconds 
after the coal enters the fluidized bed. The volatiles 
would be emitted in ~lose proximity to the coal feed point, 
·.I 
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and should the oxygen supply be limited in the region of this 
point, poor combustion efficiency may result. Bishop et al 
(65) have reported the existence of areas of unburnt hydro-
carbons close to the coal feed point situated to the side of 
an 1800 mm by 450 mm bed. Complete combustion of the vola-
tiles in the bed section was achieved by increasing the 
static bed height to 300 mm (750 mm expanded). They (65) 
report further that at low bed temperatures, and with an 
l 
excess air level limited to- 5%, the hydrocarbon concentra-
tions were found to be r~latively hi~h, at between 800 to 
1000 ppm. At higher bed temperatures, the hydrocarbon 
concentration was reduced to near zero with an increase in 
the excess air to 17%. 
Little work has been done in assessing the combustion of the 
volatiles in a coal fired fluidized bed combustion chamber. 
Although the time taken for the combustion of the volatiles--
would appear to be of the order of two seconds in comparison 
to a residence time of between 60 to 35.;0 seconds for coal 
particles between 0,2 and 2 mm in a fluidized bed (66), work 
in this field may be of value particularly in assessing 
combustion mechanisms and combustor efficiencies. Basu et 
Bl (67) point out that on evolution of the volatile matter, 
swelling of the remaining char particle may take place which 
would alter the surface structure. This may explain differences 
in the combustion of different co~ls in fluidized beds, and in 
particular differences in the combustion of the volatile com-
pon~nt of the different coal types. 
After the liberation of the volatiles, the setond step in the 
combustion process can be considered, i.e. the combustion of 
the remaining char. An evaluation of the mechanism and the 
burning rates of individual particles is of importance in the 
prediction of the oxygen throughput, the bed carbon loading 
and the combustion efficiency of the fluidized bed combustor. 
I 
Field et al (61, ch.6) consider the overall reaction process 
to involve a number of steps in sequence, viz the transport 
of oxygen to the particle surface, reaction at the surface 
: 
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and the transfer of the products away from the surface. Basu 
et al (67) consider two different mechanisms for the combus-
tion of the carbon particle with oxygen. In the first, 
designated as Model l, oxygen ~omes in contact with the 
carbon surface to form carbon m~noxide and carbon dioxide. 
The escape of the carbon monoxide into the surroundings is 
dependent on the prevailing bed velocity and temperature 
conditions. If the temperature is above the: ignition 
temperature of carbon monoxide (about 650°C) 1 then this gas 
burns in a reaction zone surrounding the carbon particle 
(67). The reactions pertinent to Model 1 are illustrated 
in Figure 6. 
ThP. second mechanism, Model 2. has ~l3n been proposed hy a 
number of authors who have shown (61, ch.6) that if the 
reactions of carbon dioxide with carbon and of carbon 
monoxide with oxygen were fast enough then the mechanism 
of combustion would be completely different from the direct 
oxidation of carbon. This model has ~een called the two 
film theory and is diagramatically represented by Figure 7. 
According to this model, carbon ~ioxide~~eacts with the 
carbon surface to produce carbon monox~de, which in turn 
. -·~ 
diffuses outwards to meet oxygen diffusing inwards. Two 
moles of carbon monoxide burn in a thin film surrounding the 
particle with ~ single mole of oxygen to form two moles ?f 
carbon dioxide. Half of the carbon dioxide diffuses back 
towards the char particle whilst the remainder diffuses into 
the free stream. The~re~~tions taking place in Model 2 are 
illustrated by the partial pressure profiles of Figure 8. -
~----
Basu et al (67) have attempted to determine the actual com-
bustion mechanism under the temperature and velocity conditions 
prevailing in fluidized beds. They propose that a change-
over from Model 1 to Model 2 takes place, though further 
experiments would be required to mark this changeover in terms of 
temperature and particle size. 
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Carbon Monoxide burns 
· in a thin film 
Figure 7 Diagrammatic representatio~ of. 
the combustion mechanism of Model 2, 
Field et al (61, p. 205) • 
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In any model of the combustion process occurring in a 
fluidized bed, some indication of the rate controlling 
process is required. Avedesian and Davidson (66) studied 
the mechanism of combustion of batches of carbon in fluidized 
beds with a view to establishing whether the ·combustion of 
the fixed carbon component of coal is controlled by chemical 
kineti~s, mass transfer or a combination of both. They 
applied the two phase theory of fluidization (22) with the 
combustion mechanism described by Model 2 to 'describe their 
results. Combustion is assumed to take place in the par.--
ticulate phase, while the bubble phase is completely devoid 
of particulates. Avedesian and Davidson (66) cite the 
findings of various authors who have shown that the burning 
rnte of 01~ lv'=r .:i.zed pa.-cticles, i.e. having diameters of less 
than 50 microns, is contr6lled by chemical kinetics whilst 
the combustion of particles greater than 100 microns is 
diffusion controlled. The transitiqn from kinetics ta 
diffusion control takes place over the particle size range 
from 50 to 100 micron. They (66) established from bDth 
theory and experiment that the combustion of coal in a 
fluidized bed of inert particles could be assumed to be 
controlled by two diffusional resistances, viz. the inter-
p~ase transfer of oxygen from the bubbles of air to the 
surrounding ash particles, and the diffusion of oxygen 
through the -as·h phase of each b~u~ninrcarbon particle.· 
Campbell and Davidson (68) have extended the work of Avedesian 
and Davidson (66) to allqw for-a finite concentration of car-
bon dioxide in the particulate phase and have applied the . 
model to allow for the continuous feeding of the coal. Basu 
et al (67) have further refined the model by determining a 
varying voidage function in the particulate phase which alters 
the Sherwood number. The accuracy of this work is questioned 
by Pyle (69) who further considers that the refinement ta al-
low for varying voidage is unnecessary when much of the pro-
cess is still not fully understood. 
More recent investigations ( 70), ( 71) have indicated· that 
the rate controlling step may not be one described'simply 
by diffusion, but a combination of chemical kine~ics and 
diffusion. Chakraborty and Howard (71) found this to be 
particularly true of large coal particles. They studied 
the combustion of coal particles of 6 mm and 12 mm in size 
and found the co~bustion rate to be significantly affected 
by bed operating conditions and design parameters. They 
found that the highest combustion rates occurred with the 
largest carbon and inert particle sizes, the highest 
. . 
fluidizing velocit~es and with the shallowest beds (12,5 mm 
static bed depth). This would indicate that combustion 
models based on the diffusion of oxygen to the carbon 
surface are inadequate. 
The reactivity of the fuel can be considered as another 
parameter in determining the rate of combustion of solid 
fuel in a fluidized bed. Leung and Smith (72) have re-
presented the reactivity of the fuel by the ratio of the 
unit rate of carbon combustion to the rate =oefficient for 
the mass transfer of oxygen through the dense phase to the 
fuel particle. These parameters are related by equations 
( 25) and {26) • 
1/J = Rt/ Rm 
1 I Rt = 1 I Rm + 1 I Ra 
/ 
(25) 
(26) 
From their (72) theoretical analysis they found that re-
activity does not play arl"important role up to about 730°C. 
However, the diffusion of oxygen through the particulate 
phase was found to have the greatest effect on the rate of 
burning when consldering coal sizes normally encountered in 
·practical fluidized beds. They (72) also emphasized th~ 
importance of carbon concentration, bubble size and size of 
particles forming the bed. 
It is evident that the combustion of coal is a complex 
.phenomenon. When applied to fluidized bed comb~stion, 
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further unknowns are introduced, and in summary the com-
bustion process could best be described as follows: 
Once a coal particle has been introduced into a bubbling 
fluidized-bed of inert particles at a temperature of the 
order of 800°C, the volatile fraction will be liberated 
within the fi~st two to three seconds, to burn partially 
within the bed ~nd partially above the bed, ~ependent upon 
the prevailing conditions. The remaining char particle 
burns within the particulate phase at a rate determined 
partially by chemical kinetics and partially by oxygen· 
diffusion which in turn is dependent upon the bed operating 
conditions as well as on the type of coal being burnt. The 
carbon particl3 EtEadily re~uces in size throush the com-
bined action of combustion and attrition until it is small 
enough to be entrained in the fluidizing gas as a result of 
splashing or elutriation. On leaving the fluidized bed, 
further combustion of the entrained particle may take place 
in the freeboard. 
1.5 A REVIEW OF THE DEVELOPMENT OF ATMOSPHERIC 
FLUIDIZED BED COMBUSTION FOR STEAM RAISING 
·---·~~--
The Winkler ~asification process developed in the early 1920's 
is recognised as representing the first application of f lui-
dizBd bed ccimbustion. By 1929 five Winkler gasifiers were 
operating at Leuna, East Germany, producing power gas to fuel 
gas-engines driving ammonia synthesis co~pressors (73). A 
total shaft power of 130 MW was developed. In the Winkier 
process fine coal particles are gasified in a fluidized bed 
with steam and air to form hydrogen and carbon monoxide. 
In the United States, pioneering work into fluidized bed com-
bustion was initiated by Odell, who filed a patent for 
fluidized bed cat cracking in 1929 (5). SubseqGent to these 
initial processes the development of fluidized bed combustion 
has passed through three phases, and represents fluidized bed 
combustion in the generally accepted sense. The first phase 
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was initiated in Britain in the early 1950's and was charac-
terized by processes in which the main aim was the use uf 
fluidized bed combustion as a means of burning low grade 
co~ls without incurring coal preparation costs associated 
with pulverized fuel firing. A further characteristic of 
the initial phase, was that no attempt was made to extract 
heat directly from the bed. This was followed by investi-
gations into the extraction of heat from surf aces immersed 
within the bed. The final ~tage of develop~ent has seen 
the use of the fluidized bed as a means of reducing atmos-
pheric pollution. 
1.5.1 Development .Tr~nds and Application of 
Fluidize~ Bed ComhuE~i~n 
The potential advantages of fluidized bed cGmbustion, in 
particular the ability to utilize poor grade fuels and in-
herent high heat transfer rates to surfaces immersed within 
the bed, have been well documented. :~~ague and Wright (74) 
produced an early literature survey on the subject, whilst 
most of the work up to the end of 1969 bas been well covered 
'. 
in the review by Skinner (64). Naud~ (75·) has reviewed 
mGch of the litBrature up to mid 1977~ith particular re-
ference to the application of fluidized bed combustion of 
coal in South -Africa. Since then the development of this 
. . 
technology has been rapid with vast amounts of capital being 
expended into the research effort with the ultimate objective 
being the commerciai exploitation of the· technique. 
At present; five main avenues of the development of coal fired 
fluidized bed combustion, excluding gasification can be 
discerned: 
(i) special small scale applications, 
(ii) atmospheric fluidized bed combustion for 
industrial steam raising, 
(iii) atmospheric fluidized bed combustion for 
power generation, 
I 
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(iv) pressurized fluidized bed combustion, 
(v) centrifugal fluidized bed combust~on. 
Although pressurized fluidized bed combustion, or gasifiers 
coupled with utility type power plant, represents a long 
term solution for the efficient utilization of coal for the 
production of power, atmospheric fluidized combustion is 
suited for the combustion of poor quality c~als for indus-
trial steam raising (76). This is particularly true of duff 
coal (i.e. coal of size less than 6,3 mm) which is not ~eadily 
burnt on traditional forms of coal burning equipment. 
In view of the work undertaken in this thesis being ton-
ce~trated towards atmospheric f~uid~zeJ bad c~~buation for 
steam raising, only a brief survey of the development of the 
remaining three avenues will be made in this section, whilst 
a more comprehensive survey of atmospheric fluidize~ bed 
combustion relating to the more recent developments following 
the e a r 1 i er rev i e w ( 7 5 ) is inc 1 u de d i. ri;;:·s e c ti on 1 • 5 • 2 • 
a) Special Small Scale Applications of Fluidized 
Bed Combustion 
The British National Coal Board (NCB) has utilized fluidized 
bed combustion for the incineration of wet 'tailings'. from 
coal washing ( 77), · ( 78), ( 79). The tailings consist of a 
slurry of very fine particulates~ 40% of which are less than 
5 microns in size. A granulated ash product is formed as a 
result of agglomeration of t~e fine particles during combus-
- -
ti on. The NCE has applied this technology for the dryi·ng·---
of cattle fodder as well as for the combustion of sewage.· 
Work in Australia (80), (81), (82) has shown that the 
fluidized bed combustion of wastes from coal mining provides 
not only the means for lessening the impact on the environ-
ment but can also provide considerable quan~ities of useful 
heat. Poersch and Zabeschek (83) have investigated the 
combustion of flotation tailings (having 40% by weight of 
fine particles below 10 microns) in a fluidized bed with the 
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view to obtaining a relatively carbon-free product for use 
in the produ6tion of masoniy cement. 
Thring et ~l (84) has reported on the use of coal fired 
fluidized beds for use on steam locomotives, whilst a 
fluidized bed heat exchanger (85) has been installed on 
board a super tanker for extracting heat from the exhaust 
of the diesel engines. With the increasing price of oil, 
fluidized beds have been considered as a means of bur~ing 
coal for raising steam on ships (86)t however the logistics 
would appear to rule out this possibility in the immediate 
future. 
b) Pressurized fluidized Bed Combustion 
. -----°'":"'"-~ ..... · . 
Pioneering work was conducted by the British Coal Utilization 
Research Association (BCURA) into the pressurized fluidized 
bed combustion of coal (87). Indeed, until the mid-sevent~~s 
the only research of any significance into this aspect of 
fluidized bed combustion had been cond&cted on the BC URA test 
facility which has an output of 2 MWt and is capable of being 
operated at pressures up to 6 bar. 
The incre2se in complexity and capital cost of equipment 
asso~iated with pressurized fluidized bed combustion has 
-
resulted in this technology being developed mainly for utility 
power generation ~tilizing coal as the combustor fuel.. Two 
main cycles have emerged, the first utilizes a combined gas 
and ste~m cycle in which the boiler is pressurized on the gas 
side whilst the second incorporates an air cycle (88). -_I-'-n-~ 
-
the former, a pressurized fluidized bed steam generator pr~-
vides steam for a ~onventional turbine-generator set. The 
gases leave the steam generator at a temperature of about 
900°c and are expanded through a gas turbine before being 
finally cooled in a heat recovery system forming an integral 
part of the main steam generator. Dependent upon the excess 
air utilized, the gas turbine generates about 15 to 333 of 
the total output. Five systems incorporating a 60 MW~ gas 
turbine are mentioned (88) as employing the concept of the 
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pressL1rized boiler and associated combined gas and steam 
cycles. 
A number of air cyclgs can be distinguished. However, the 
cycle most commonly proposed for power generation incorporates 
a system in which air is heated in tubes immersed in the 
fluidized bed before being mixed with the products of com-
bustion. The resulting gases are cleaned prier to expansion 
through a gas turbine. The gases are finally cooled" in a 
waste heat boiler which produces steam for a steam turbine-
generator set. Bergbau Forschung GmbH in association with 
the Vereinigte Kesselwerke AG (B9) have built a small-demon-
stration pla~t incorporating a 13 MWe gas turbine. A con-
siderable amount of w6rk has been performed by Curtiss Wright 
(90), (91), (92) into the development of an air cycle for use 
in a 500 MWecoal fired modular type plant which would be 
- -
feasible by the beginning of the 1990's. At present much 
preliminary work on air heater tubes has been undertaken on 
a pressurized fluidized bed technology~ig some 20m high and 
incorporating a 1,5 m diameter pressure vessel. Work is 
presently in hand (1980) on the construction of demonstration 
plant utilizing a 13 MWe gas turbine. 
Valuable work is also being undertaken into pressurized 
-fluidized bed combustion in South Africa at Natal University 
on a fairly large scale (92), (93). They have inv~stig~ted 
the use of a three staged fluidized bed contained in a single 
pressure vessel. The fluidized beds are 450 mm in diameter 
and th3 unit is capable of an output of some 1 MWt. In view 
of the fly ash having to percolate through three stages, a 
novel tuyere type distributor was developed which provides 
swirl to the incoming gases to enable high loads of ash to be 
transmitted whilst providing adequate fluidization characteristics. 
Considerable development has also taken place into the design 
of recirculating bed material downcomers. The main objective, 
i.e. the combustion in staged fluidized beds has been demon-
strated, whilst exceptionally high combustion efficiencies 
have been obtained in a two stage system with very low excess 
air levels (93). 
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c) The Centrifugal FlGidized Bed Combustor 
The centrifugal fluidized bed combustor can be considered 
after atmospheric and pressu~ized fluidized bed combustion 
as a third generation of fluidized combustion technology. 
Many difficulties associated with atmospheric and pressurized 
beds have still to be bvercome, and it is thus to be expected 
that the tommercial realization of the centrifugal combustor 
is a long way off. The fluidized bed is housed in a cylin-
drical vessel which is ro~ated at about 1000 rpm causing the 
bed to be thrown to the sides by the centrifugal force xesulting 
in a loading of. from 10 to 100 g. The bed is then f lu;idized 
by passing ai~ through the walls of the cylinder, thus enabling 
exceptionally high combustion intensities of the order of 
100 MW/m3 whilst t~e outpLlt can easily be contiolled by vary-
ing the rotational speed. .EarJy work was reported by Elliot 
(95) and this has been follow~d by investigations at the 
universities of Aston (96) and Sheffield (97) in Britain ari~ 
Lehigh (9ff) in the United States. 
1.5.2 The Recent Development ?f the Coal Fired Atmospheric 
Fluidized B f;ld Combustor for Stea~ R·ais in g 
Since the survey conducted up to the middle of 1977 (75) the 
_development bf the atmospheric fluidized bed boiler has accele-
rated with a number of commercial and semi-commercial pr'oj ects 
having been undertaken. Most of the work has taken place in 
Britain and the United States and to a l_esser extent in West; 
Germany. Smaller scale, but by no means insignificant research 
has taken place in Australia, India and Brazil. Work in Japan 
has been concentrated towards gasification of coal rather than 
combustion, whilst small laboratory scale work has been reported 
in New Zealand (99). 
Work in Britain has concentrated on the smaller scale industrial 
application of fluidized bed combustion, and in particular in 
the retrofitting of existing oil-fired shell-boilers to enable 
the combustion of coal in a fluidized bed. Whereas research 
in Britain into f luidited bed combustion was begun for its 
potential as a coal burning technique, work in the United States 
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has been conducted primarily as a means of reducing air 
pollutants. The United States Department of Energy (DOE), 
formerly the Energy Research and Development Administration 
(ERDAJ, heads the effort in the United States with the Environ~ 
ment Pollution Agency (EPA) playing a supporting role in 
assessing the environmental impact of fluidized bed combustion 
(100). The Electric Power Research Institute (EPRI), a non-
profit organization, is backing investigations for its mem~er 
utility firms who supply the funding ta the. Institute so that 
sufficient funds are available to enable work and development 
on a large enough scale to be meaningful for utility applica~ 
tions. 
Wo~k into fluidized bed co~bustion is being conducted in 
various other parts of the world. However the scale of 
this research is small when compared to that in either the 
United Kingdom, the United States or West Germany. It is 
clear that any major developments are likely to c6me from 
these three countries. However, count;;i;ies such as India 
and South Africa with very large reserves of coal, and Brazil 
with a substantial amount of poor quality coal represent regions 
' .. 
where the development of the technology maj be the most fruit-
ful. The development of the atmospherii. fluidized bed com-
bustor with its particular application to industrial steam 
-raising in each of these countries-is discussed in more 
detail in the following sections. 
a) United Kingdom 
In Britain, the major incentive for the application of 
fluidized bed technology .has been in the retrofit market. 
The spiralling cost of oil has made coal burning equipment 
attractive once again. However the large number of oil 
fired shell boilers whi~h were sold during those times when 
oil was relatively cheap, represents a substantial capital 
investment. The high heat transfer rates associated with 
fluidized bed combustion enables the fitting of a fluidized 
bed to an existing oil fired unit without incurring the penalty 
of reduced boiler ratings. A number of British companiBs are 
• . 
. .... 
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therefore actively engaged in the retrofit market. 
Energy Equipment (101) have developed a fluidized bed boiler 
in which the coal is partially gasified within the bed with 
the combustion reaction being completed above the bed and in 
the horizontal flue leading from the bed. After initially 
retrofitting a boiler at Stirling with a -fluidized bed, -they 
obtained a contract to adapt two boilers at Cadbury's Bourne-
1 
ville plant (102). More recently a contract was awarded to 
this company for the supply of three shell type hot water 
boilers rat~d at about 1,5 MW each (103). 
Work by the NCB in collaboration with a number of manufacturers 
has resulted in a number of different t~1 pes of fluidized bed 
boilers being installed in industrial environments (88), (104), 
( 105 ), ( 106). These include a large 14 000 kg/h unit installed 
at Rist 1 s Wires and Cables at Newcastle under Lyme. The unit 
was commissioned in Mar~h 1978 and by September about 100 
hours operation had been recorded at efiiciencies ranging from 
80 to 85%. The coal burnt ranged from 12 mm to 25 mm in size. 
A ve~tical shell type unit c~pable of g~~erating 3500 kg/h of 
steam was installed for Antlers luggage factory at Bury. A 
similar vertical type unit was construct~a at Marden for the 
generation of hot water and is rated at about 3 MWt. A large 
-30 MWt fluidized bed coil type boiler was built by M.E. 
Boilers in collaboration with the NCB for British Steele's 
River Donne Works. 
Northern Engineering Industries embarked on an extensive 
development programme which culminated in the launching of 
a coal fired fluidized bed boiler by Thompson Cochrane, an 
NEl subsidiary in the middle of 1979 (107). A particular 
feature of the NEI design is the mechanical ash recycling 
system. 
A number of designs have incorporated various conce~ts to 
improve the combustion of fines which normally are entrained 
from the bed without contributing significantly to the 
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combustion process. Highley has patented one concept (108) 
in which circulation of the solids ensures that particles 
are drawn down the sides and forced up the centre of the bed 
by combini.ng features of fluidized and spouted beds. Virr 
(109) incorporates a parabolic type distributor made up of 
ceramic tiles to induce a similar type of motion on the solid 
particles, whilst yet a further design (110) incorpbrat~s a 
number of windboxes sloping away from the horizontal to induce 
a circulatory pattern on the bed material by'regulating the 
flow to each of the windboxes. 
The largest i.ndustrial fluidized bed boiler on which a con-
siderable 'amount of testing has been undertaken to dati;:! is 
t~B boilBr at Babcock and Wilcox's Renfrew Works (lJl), (112). 
The boiler is essentially a Babcock cross-type unit with the 
stoker replaced by a distributor plate and windbox. The unit 
is capable of generating steam at a rate of about 22 000 kg/h. 
Whilst a considerable amount of work i~ being directed towards 
developing units for use in Britain, Thurlow (113) has repor-
ted on a number of design and feasibility studies ~ndertaken 
\ . 
by the NCB on behalf of clients in tbe United States and 
Canada. Further, Butler (114) report~"-ihat one British 
manufacturer sees the packaged water tube boiler market in 
-the United States as offering the greatest potential for the 
development of atmospheric fluidized bed boilers, whilst 
another views India and South Africa with their large 
indigenous coal reserves a~ offering the greatest potential 
for development of the technology. 
b) The United States 
The largest operational fluidized bed boiler is the 135 DOD 
kg/h unit required for a 30 MWe demonstration unit at 
Rivesville~ West Virginia (115). The research and develop-
ment contract which .led to. the design of this plant was 
awarded to the consultants, Pope, Evans and Robbins in 1965. 
The development led to the design of the Rivesville boiler 
which was constructed by Foster Wneeler Corporation with a 
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substantial proportion of the capital being supplied by ERDA. 
After a number of minor difficulties the plant was commissioned. 
towards the end of 1976. Following the experience gained at 
Rivesville, Foster Wheele~ and Pope, Evans and Robbins were 
awarded a contract for the construction of a 45 ODO kg/h 
fluidized bed boiler at Georgetown University. A major 
departure from the Rivesville design, is the use of two 
spreader stokers for evenly distributing the fuel across the 
.. . 
boiler, whereas fifty feed points were provided at Rivesville. 
The Georgetown University boiler was first lit on the 9th 
July 1979 and by November 1979 about 650 hours of operation 
had been logged {116). 
During 1979, Combustion Engineering commenced with construction 
of a 22 ODO kg/h. package water tube boiler at the US Navy's 
Great Lakes Training Station in Illinois. Although an 
atmospheric unit, the boiler utilizes a relatively deep bed-
of some 500 mm to 700 mm (static bed depth) ( 117). Other 
features of.the.demonstration unit incJude the use of natural 
circulation, in-bed cooling tubes and a novel windbox 
arrangement which allows higher windbox pressure differentials 
\ 
during start-up. 
In a joint development prograrnm~ with the EPRI, Babcock and 
- Wilcox Co. (US) have built a l,B m square test facility for 
obtaining more comprehensive design data relating to the 
utilization of fluid~zed bed combustion for industrial steam 
raising .(118). In particular, information relating to the 
heat transfer to immersed tubes, limestone utilization and 
combustion efficiency will be obtained. Babcock and Wilc~x 
Co. (US) "have produced designs for a package type concept as 
well as for a field erected type of fluidized bed water tube 
boiler ( 118). 
In the smaller ranges of industrial boilers, Johnston Boiler 
Co. has developed a line of packaged fire tube boilers built 
under licence from Combustion Systems Ltd. in Britain (119). 
The capacities of this boiler range are from about l 000 kg/h 
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to 22 DOD kg/h. In another joint venture illustrating co-
operation between companies in Britain and the United States 
(ll9), Babcock Contractors Inc., an affiliate of Babcock and 
Wilcox (UK), and Riley Stoker have announced that they will 
jointly manufacture atmospheric fluidized bed boilers in the 
rang e from ab out 2 0 0 0 0 k g I h to 2 0 0 0 0 0 kg I h . T hey h ave 
obtained a contract for retrofitting of a 27 ODO kg/h boiler 
at the Central Ohio Psychiatric Hospital with a fluidized bed 
combustion system for burning Ohio coals, which typically 
have a high sulphur content, within existing clean-air laws 
(120). 
In an effort to improve the combustion of fines, Keairns 
et al (121) .h2ve int~odu~ed the use of a draught tube within 
the fluidized bed normally associated with the Westinghouse 
gasifier system. The concept has considerable potential if 
relatively deep beds can be tolerated. 
c) West ~ermany 
The otiginal development of fluidization technology took place 
in Germany during the twenties with th~ ~evelopment of the 
Winkler gasification process. It was only in the fifties, 
however, that development took place along the more familiar 
_lines apparent today. Up to the ~arly seventies, development. 
in Germany was in the field of special types of equipme~t in-
corporating fluidized bed combustion. Reh (122) reports on 
the Lurgi fluidized bed roasting proces~ for the roasting of 
sulphide ores with steam generation. In one particular 
~pplication, a fluidized bed roaster having a diameter of 
12,5 m and with a maximum steam generation capacity cf some 
40 ODO kg/h is described. 
More recently Schilling (123) has described fluidized bed 
combustion as an economic means of utilizing coal for power 
and heat generation. Four main areas are distinguished where 
fluidized bed combustion can be applied (123). The combustion 
of wastes is ~ascribed as the first area of application in 
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which the combustion of slurries, oil shale, used oil, roasting 
etc. can be undertaken. A 35 MWt plant built by Ruhrkohle AG 
near Dortmund for the combustion of flotation tailin9s in which 
10 MWt is extracted by "in-bed" cooling tubes and the remaining 
25 MWt is extracted in a waste heat boiler is also described (123). 
The second application. is in the field of small industrial 
steam gerieration or ·the production of hot water for industrial 
l 
or large blocks of flats. A design concept for a 0,4 MWt unit 
has been develbped. A 6 MWt plant is in operation at Reckling-
hausen and is operated by a subsidiary of Ruhrkohle AG. 
Electricity generation and large scale generation of heat for 
district ~eating is coneider3d as t~e ~hird potential ~ppli-
cation of fluidized bed combustion of coal. Indeed, the 
Federal Minister for 8esearch and TechnolOQY of the West 
German government has initiated five projects relating to 
fluidized bed combustion (124). · 
- ,:._ '.i,:.... 
These projects include the conversion of the chain-grate 
boiler for operation as a fluidized bed unit with a thermal 
output of 35 MWt at the DDsseldorf-Flingern plant. Another 
plant combines a conventi8nal pulverized fuel-fired furnace 
with six fluidized bed furnaces. - The fluidized bed furnaces 
are located around the periphery of the main boiler and we 
ducted into the boiler above the burner zone. The unit is 
being built for Saarbergwerke AG at V5lklingeri and will have 
a total output of 200 MWe of which about 40 MW~'is sup~l~ed by the 
fluidized beds. In order to burn a coal with a high ash and 
sulphur content, the Wesertal electricity supply utility has 
·~lanned ~~12s MWt floidized bed pbw~r plant to b~'buil~ by 
the Vereinigte Kesselwerke. The remaining two projects re-
late to pressurized fluidized bed combustion. They include 
the demonstration plant at Bottrop built by Bergbauforschung 
arid the Ver~inigte K~sselwerke AG, and the involvement of 
German companies in the International Energy Agenci~s 
pressurized fluidized bed combustor at Grimethorpe in Engl~nd. 
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d) India 
India has a total coal reserve, piciv~d, indicated arid inferred, 
of about 82 million tons (125). However, one of the major 
problems with Indian coals is their high ash content and their 
abrasiveness. Tests conducted on a 590 mm square refractory 
lined combustor (126) indicated that these coals are amenable 
to combustion in a fluidized bed, and that ~creened coal could 
be burnt withou~ any further co~l piep~ratioo. Abbi et al 
(127) have described the work of a number of national labora-
tories and of Bharat Heavy Electricals Ltd. in the deveiopment 
of fluidized combustion boilers for burning Indian coals. 
An atmospheric-pressu~e fluidized bed package boiler capable 
of generatin~ 10 UDO Kg/h.of steam was installeci at Bharat 
Heavy Electricals Ltd~ test site. This unit has been in 
operation since March 1977. A smaller 2 .000 kg/h was com-
missioned in April 1976 at the Central fuel Research Institute, 
Dhanbad with a vie~ to establishing scale effects in the 
design equations of fluidized beds. IJJ"ork is also being 
conducted into pressurized fluidized bed combustion and a 
design of a prototype unit for the gen~iation of hot water 
has been developed. 
e) Brazil 
Brazil has vast reserves of high ash and relatively hig~ 
sulphur coal (about 35-55% ash and 3% sulphur on a dry basis). 
A recent study· by 5addy and 5zego (128) .has indicated that 
fluidized bed combustion would be slightly more expensive 
than stoker firing for industrial steam generation. Both 
these sys~ems though more capital intensive than oil fired 
or electric boilers presently utilized were substantially 
cheaper to operate. The potential of the fluidi~~d bed io 
reduce the sulphur emissions would favour the development of 
a fluidized bed boiler- for inrlustri~l steam_raising in Br~zil. 
A proj_ect has been initiated for the development of Brazil's 
first fluidized bed combustion system. The prototype unit 
will generate steam and/or hot gases at a rating equivalent 
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to 8 000 kg/h of steam and is being financed by the Brazilian 
government coal marketing company (129). The objective is 
the replacement of a large number of small fuel oil plants 
required for brick manufacture, tabacco drying, industrial 
boilers etc with coal fired fluidized bed combustors .. 
f) South Africa 
Excluding. the work done by Natal University, ;cf Section 
1.5.l (b), all the research and development in South Africa 
has been related to atmospheric fluidized bed combustion~ 
The Fuel Research Institute com~enced work into the fluidized 
bed combustion of large coal in December 1975 on a small 
210 mm diameter test rig (lJO). Research is presently being 
. . ' 
conducted on a latger 500 mm square refractory lined combustdr 
into t'1e evaluation of the potential of a number of South 
African coals for· combustion in··a fluidized bed· of inert. 
particles (131). Work at Cape ~own University in colla-
boration with John Thompson Africa (Pty.) Ltd. and on which 
· .. ,:;~~-· 
this thesis is based, has been towards the development of an 
atmospheric fluidized bed combustor capable of utilizing poor 
quality South African coals, and in particular the. high fines 
content duff coal (i.e. coal having a top size of 6f3 mm) of 
which there is an abu~dant supply. 
Holsteyn (132) has reported on the design and construction of 
a 4 000 kg/h boiler built under a licence agre~~ent negotiated 
with Combustion Systems Ltd. at the begi~ning of 1975. The 
most recent development in South Africa, was the announcement 
of the official firing o~-~he W6rld Energy.Resources Ccinsul-
tancy Service vertical fluidized bed coal fired steam boiler 
at the end of August 1980. The boiler is located at 
Ngwelezana Hospital, Empangeni in Natal. 
1.6 OBJECTIVES OF tHIS THESIS 
Research into fluidized bed combustion is continuing at an 
increasingly rapid pace and a large volume of work is being 
., 
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produced. However, the complex and inter-related nature of 
the subject ha~ resulted in it being difficult, if not 
impossible, to produce ~ Gnifying theory. This is compounded 
by the lack of a fundamental understanding of many of the 
basic parameters affecting the process. Much of the in-
formation has been obtained oh small scale rigs and the 
extrapolation to large scale plant has to be mads with some 
caution. Further, the original development of fluidization 
! 
stems from the chemical and process industries which atilized 
relatively fine particles .and deep beds~ 
In South Africa the development of fluidized bed combustion 
for industrial steam generation and for possible small scale 
e:Gctricity g~n~ration: will in th9 short tc m8dium term be 
along the lines of atmospheric fluidized bed combust~on. It 
is_. evident that such a unit is on the threshold of becominQ 
commercially available from overseas suppliers who have based 
their designs on conditions peculiar to the country of origin. 
In any event, the designs by and larg~~have developed as a 
result of 'engineering experience' and many lack a fundamental 
understanding or description of the heat. transfer and combus-
tion processes taking place. This is_ p~rticularly true of 
~~e develop~ent of the shallow fl~idized bed combustor. 
The main objectives.of this thesis are therefore to obtain a 
better understanding of the heat transfer and combustion pro-
c~sses taking place in an industrial sized atmospheric 
flWidized bed combustion unit. This implies an investigation 
into both the in~bed and above-bed reactions associated with 
the unit. In view of the inereased fan power ~ssociated 
with deep-beds, only shallow beds of relatively coarse parti-
cles are to be investigated~ 
In view of the importance of coal distribution which has been 
highlighted by th~ literature survey, an assessment of both 
under-bed and above-bed feeding of the coal is to be evaluated. 
The effect of these means of feeding on the basic processes 
occurring in the combustor unit are to be evaluated on a 
-50-
qualitative basis to facilitate scale-up to larger industrial 
plants. A final objective is the development of a sound 
theoretical basis for the heat transfer and combustion 
phenomena studied. 
The thesis therefore covers the m~chanism of heat transfer 
from the bed to a peripheral enclcsing surface, to a hori-
zontal tube immersed within the bed and to the freeboard 
zone above the bed.· Combustioh both within and above the 
bed is considered and the shallow fluidized bed and freeboard 
zone is considered as a single furnace entity. 
: ... ,':Q.. .. 
~s1-· 
CHAPTER 2 
EXPERIMENTAL EQUIPMENT 
As the prime objective_ of the research is the assessment of 
the combustion, entrainment and heat transfer phenomena on 
an.industri~l scale, a shallow. fluidized bed 1combustor furn~ce 
was built which would be representative of a small industrial 
unit. Further the flue gases on leaving the combustion· 
chamber are exhausted to atmosphere at some 600 to 800°C 
depending on the operating conditions and are not cooled 
in a convBctive sectinn as this teshnology has been well 
researched and is readily described by fundamental heat 
transfer relationships. The exhaus~ gases are ducted away 
from the te~t facility by means of an uncooled duct to an 
existing stack. 
2.1 GENERAL ARRANGEMENT 
The test rig is lo6at~d at the Bellville-works of John 
Thompson Africa {Pty.) Ltd. and is housed in a separate 
building to-aGcommodate the test facility with its associated 
instrumentation and controls. The test rig comprise~ the 
flue of a vertical flue fluidized bed shell boiler having a 
diameter of 1 ODO mm. A sectional representation of the 
test rig is illustrated in Figure 9, while a diagramatic flow 
diagram is presented in Figure 10. 
Air is supplied to the test rig as primary air via a windbox 
situated at the base of the fluidized bed, and as secondary 
air through nozzles situated in the freeboard zone above the 
fluidized bed. Coal can be introduced into the side of the 
bed by means of a screw feeder or from above the bed by means 
of a rotary drum-type feeder. A pneumatic spreader is 
utilized for distributing the coal across the width of the 
bed. The spreader consists of an air jet which is located 
Figure 9 
Q·;erbed 
Coal Feeder 
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Gcs Outlet 
· Recirculatins 
Feeder 
Sectional representation of the 1000 mm 
diameter water cabled Fluidized Bed 
Combustion Test Facility (Immersed 
cooling tube not shown). 
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at the base of the above bed feed chute. Details of the 
arrangement of the two feeders are contained in Figure 11. 
The vertical flue is surrounded by a water jacket in which 
the water and steam mixture is forced upwards by natural 
cir~ulatibn which is effected by means of an external 200 mm 
ID downco~er pipe. The jacket is expanded at its upper end 
to provide an adequate surface area for the release of the 
I 
steam. The freeboard extends some 4 metres above the 
fluidized bed providing sufficient time for the completion 
of a secondary comb~stion reactio~ and further enabling the 
entrainment of pariicles fr~m the bed to be largely devoid 
of splashed material as a.consequence of bubbles bursting 
at tr e surface cf the bt:d. ll, hoci.zonta l cooling tube can 
be immersed in the fluidized bed by introducing a secondary 
cooling circuit. The tube does not form a fixed part of 
the test rig, and.can easily be removed or replaced by tube-s 
of different diameters. Tests have however only been con-
ducted with a tube of 76,2 mm OD in th~· secondary cooling 
circuit. 
Gas is used as a means of raising the bed temperature to the 
ignition temperature of the coal during start-up. The gas 
is introduGed by means of an elaborate distribution system 
at ~he base~oi the fl~idized bed, and ignited by means of 
pilot gas burner~ located in the freeboard as illustrated 
in Figure 9. 
The test facility has been extensively instrumented. Heat 
flux pads have been attached at some eleven levels in three 
vertical planes of the flue. Gas temperatures can be 
monitored by means of suction pyrometers at various levels 
in the flue whilst the exhaust gases can be sampled iso-
kirietically to establish the dust burden. An adjustable 
water cooled heat transfer probe has been fabricated for 
introduction via the ash discha~ge port in the centre of the 
bed. This probe enables the measurement of the bed~to-probe 
heat-transfer coefficients at various levels within the bed 
and the region immediately above the bed. 
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2.2 INDIVIDUAL COMPONENTS AND SUB-SYSTEMS 
As is evident from the preceding section, the fluidized bed 
combustor test facility is made up of a number of individual 
components and sub-systems. These include the air and fuel 
supply systems, the cooling water circuits and the gas 
ignition equipment required for start-up. A number of 
safety features have been incorporated concerning the gas 
ignition and for ensuring an adequate flow of water through 
the secondary cooling circuit. A general description of the 
co~pohehts making up each of these sub~s~stems is included 
below, whilst diagrams end the detailed design of the com-
ponents are to be found in Appendix A~ 
2.2.1 The Combustor Ve.ssel 
The combustor vessel is made up of the vertical flue ~hi~h 
contains the fluidized bed at its base with a freeboard of 
some 4 metres. The freeboard acts as~a radiant furnace 
chamber for the transfer of heat and the completion of the 
combustion reaction. A 125 mm water j~~ket surrounds the 
flue providing adequate cboling by means 6f natural circula-
tion, the circulation circuit being compieted by means of a 
200 mm downcomer pipe. The steam produced is vented directly 
to atmospher-e: The feed flow is monitored by means o·f an 
integrating type of water feed flow meter from which the 
evaporation rate is determined. It is imperative, therefore, 
to ensure that no water droplets are carried over with the 
steam as this would seriously:affect the results. As a 
result, the steam release area had to be increased and this 
has been accommodated by expanding the vessel jacket to a 
diameter of some 2 200 mm. In view of the steam space being 
at about atmospheric pressure, large volumes of steam are. 
generated resulting in high circulation rates which have been 
cal~ulated to be of the order of one hundred times the evapora-
tion rate. 
- Th~ ~rim~rY air w~ridbci~·~xt~n<l~ some 200 mm ~ntb the combustor 
vessel, thus providing the water jacket with a mixing zone 
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immediately prior.to the fluidized bed where exceptionally 
high heat flux rates exist. Access to the interior of the 
vessel can only be made after unbol'ting and removal of the 
primary air windbox from the base. 
Two secondary air windboxes are located at about 500 mm and 
l 000 mm above the base of the primary air windbox. Each 
windbox is split along a horizontal plane, thereby effectively 
forming four windboxes, each having four 38 mm diameter 
nozzles. Details of the combustor vessel are illustrated 
in Figure Al of Appendix A. 
2.2.2 The Primary Air Windbox 
The primary air windbox is 600 mm deep and divided into two 
parts to enable tests to. be performed with half the bed 
active and the remainder slumped. A number of standpipes 
or 'bubble caps' are located on top of the windbox to form 
the distributor. Each bubble cap has been individually 
machined and screws down onto a socket welded to the windbox. 
Thus different pressure drop characterist.ics can 'be obtained 
by changing a complete set of bubble caps. 
In designing the distrlbutor, a number of various types were 
considered viz~ a perforated plate type, a sintered metal or 
porous ceramic, sparge tubes and finally bubble caps. The 
latter were chosen as 
(i) They are easily replaced, 
(ii) they are not susceptible to warping as are 
sparge tubes in contact with the hot 
fluidized bed, 
(iii) they result in a distrib~tor of high 
mechanical strength and are not suscep-
tible. to failure as a result of thermal 
shock, 
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(iv) provided.the nozzle is sufficiently tall, a 
'dead' 'layer_of sand forms between adjacent 
nozzles which does not form part of th~ active 
bed. This layer insulates the top of the wind-
box from the hot fluidized bed. 
A further ccnsideration is the' relatively unstable nature of 
the fluidized bed which can result in channelling if the dis-
i 
trib~tor is poorly designed leading to un~ven fluidization. 
This is "because the pressure drop of a fluidized bed depends 
only on the weight of the bed per unit area and is independent 
of the fluidizing gas flow rate •.•• , there are no self-
regulsting properties tc help maintain a uniform flow rate 
across the bed" rs, p·.AO). The rrajor functior of tre iistr.i-
butor is to promote uniform f luidization by stabilizing the 
effect of _gas distribution. The distributor must support 
the defluidized bed and prevent the backflow of mat~rial 
during normal op~ration or when the be~ is shut down. A 
further characteristic of the bubble cap type of distributor 
is its ability to maintain uniform fluidization at lower 
loads even when the distributor to bed pressure drop ratio 
is small. 
The windbox was designed with 312 bubble caps which are located 
on toncentri~ ~ircles separated radially from each oth~r by 
50 mm. The arrangement of the bubble caps on the windbox is 
illustrated in Figure A2. The bubble caps were designed 
using simple orifice plate type calculat~ons and a sample of 
twelve nozzles .1.vere initially ·fabricated. The design of_·-----·· 
these nozzles and the associated stub is illu~trated in 
Figure A3. The nozzle was manufactured from hexagonal bar 
and contained a 4 mm diameter hole drilled into each of the 
six faces. The pressure drop to volume characteristics of 
this initial sample of twelve nozzles was obtained for each 
of the nozzles on a special calibration test piece~ The 
discharge coefficient for the sample was found to be 0,694. 
It was decided to decrease the diameter of the holes drilled 
into the nozzles to 3,5 mm thereby increasing the pressure 
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drop for a specific volume flow rate of fluidizing air. This 
implies a free area of 2,293. 
2.2.3 The Air Supply System 
Air is supplied to the combustor vessel by means of a high 
pressure fan capaSle of delivering 1,4 kg/s of air at 860 
mm Wg. The total flow rate from the fan is controlled by 
, 
means of a set of contra-rotating dampers (133) which in 
turn are controlled by a modulating motor activated from the 
control panel. A separ~te manually adjustable flow control 
damper was fitted to the suction side of the fan to improve 
the control of the air flow at low ratings. A layout of the 
ai~ supply system is prese~ted in Figure A4. 
After the total air cdntrol damper, the air is divided into 
primary and secondary air whilst a much smaller quantity is~­
available for pneumatic spreadin~. The flow rate in each of 
these air streams is monitored by means;.of orifice plates 
located in the air pipework in strict adherence to BS 1042. 
2.2.4 The Coal Feed System 
Coal can be fed to th~ side of ~he fluidized bed by means of 
a screw feed-er, or f r·om above the bed by means of a rotary 
drum-type feeder. The flow from each feeder is controlled 
by varying the feede~ speed. This is manually effected by 
making the necessary adjustment to an infinitely variable 
hydraulic gearbox. 
In order to a~commodate the high coal flow rates envisaged, 
a relatively large diameter rotor was required for th~ screw 
feeder. This in turn requires a large aperture in the water 
jacket which can have a disruptive effect on the flow charac-
teristics of the fluidized bed in the vicinity of the coal 
feeder. The flighting of the screw is of 75 mm diameter 
having a pitch of 75 mm and is welded onto a 30 mm diameter 
shaft. 
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The overbed drum feeder incorporates a pneumatic spreader for 
distributing the.coal-more evenly over the furnace. The coal 
is led down a feed chute to a flat momentum breaking section 
at which point- the-pneumatic air projects the coal across the 
width of the furnace. 
~oal is brought into the test rig building by means of a 
screw conveyor from a small hopper to the coal storag~ bunker 
from which both coal feeders obtain their coal supply. · The 
coal bunker has a storage capacity of about 2 tons 'of coal. 
The layout of the coal feed system is illustrated in Figure 
AS in Appendix A. Further details are illustrated in the 
photographs contained at the end of Appendix A. 
2.2.5 The Secondary Cooling Circuit 
In order to evaluate the heat transfer to horizontal tubes 
immersed within the bed, a secondary cooling circuit was 
installed. The flow has to be of such a rate as to prevent 
the formation of a saturated steam and wate~ mixture to 
facilitate the measurement of the total heat transferred. A 
flow diagram of the secondary cooling circuit with its 
cooling tube and associated safety system is illustrated in 
Figure 12. 
From Figure 12 it is seen that both the secori~ary cooling 
circuit and the combustor vessel are fed from a common float 
controlled buffer tank. The water to the buffer tank is 
/' .. 
metered, and thus measures the sum of the total amount of 
water evaporated and the quantity discharged via the drain 
-, 
should the drain be open. The cooling of the furnace flue 
by ·means of the water jacket is inherently safe as in the 
event of an interruption to the feed water flow rate or in 
the event of a power failure cooling will be provided as a 
consequence of natural circulation as previously described; 
However, the same inherent safety is not true of the hori-
zontal cooling tube. In the event of a pump failure or any 
.interruption of the water flow through the cooli~g tube, the 
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water in the tube. will stagnate leading to failure within 
secohds in view. of.the high heat transfer rates associated 
.with the hot fluidized bed. The safety system for the 
immersed cdoling.tube is-illustrated in Figure 12 and con-
tains two solenoid valves which are deactivated should the 
pressure in the secondary circuit fall below a pre-set value. 
The solenoid valves open on de-activation, causing the water 
to flow from a head of about. 7 metres through the cooling 
' 
tube to waste via a drain after having by-pa~sed the pump. 
Although the secondary cooling circuit has been designed to 
enable the he~t transfer to a number of different sized ~ubes 
to be ~valuated, heat transfer studies were cond~cted on a 
7 6,2 mm OD tube only. G~oovAs 2 nrn deep and 1,6 mm wide 
were machined into the tube for.the fitting of eight 1,5 mm 
diameter stainless ste~l sheathed chromel alumel thermocouples. 
These thermocouples were silver soldered into the grooves at-
two locations each having four thermocoupl~s at 90° from·each 
other on the circumference of the tube_;;;. Details of the 
lo"cation and fitting of the thermocouples to the tube as well 
as details of the fitting of the tube ta.the combustor vessel 
are illustrated in the detailed drawings of Appendix A. 
l 
The thermocouples were silver soldered to the grooves in the 
tube so as t-o- -measure wall metal temperatures. These- tem-
peratures are required in order to evaluate heat transfer 
c6efficients as opposed to total heat transfer rates. The 
water flow rate to the cooling tube is m~asured by means of 
an integrating type of flow meter whilst the inlet and outlet 
water temperatures are measured by means of mercury in glass 
thermometers· with graduations reading ·0,2°C. Althaugh·the 
cooling tube immersed within the bed has a diameter of 76,2 mm, 
the inlet and outlet pipes to· this cooling tube have diameters 
of 25 mm and contain the thermometers. Thus Reynolds numbers 
at the thermometers are always well in excess ·af 25 000, 
thereby ensuring a well mixed fluid at the point of .measurement. 
Referring to the flow diagram of Figure 12, it is seen that 
the connecting pipe from the buffer tank to the combustor 
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.. 
vessel introduces the feed to the downcomer. This has 
specific advantages relating to the circulation; however, 
it should be noted that this pipe is made up of a 200 mm 
NB pipe and as such has a negligible pressure loss associated 
with it. The level in the combustor ves~el is therefore very 
similar to that in the buffer tank, but can be slightly higher 
or lower than that in the buffer tank dependent on oper~ting 
conditions. The flow through the cooling tube ~s dictated 
by the need to prevent tha formation of a sa~urated steam 
water mixture at its exit whilst the feed flow rate is 
dictated by the rating of the unit and hence the evaporation 
rate. Both these criteria are essentially independent on 
each ether, hence the condition can, and does, arise where 
t~e flow in the cooling water circuit exceeds that of the 
evaporation rate. In this instance water .flows from the 
combustor vessel tG the buff er tank. The buff er tank then 
becomes a mixing tank and the water enters the cooling tube_ .. 
at a temperature somewhat in excess of the feed water 
temperc:iture. Figure 13 is a graphica~ representation of the 
effect of increasing the water mass flo~ rate in the secon-
dary cooling circuit on the inlet and outlet cooling tube 
water temperatures for different tube haat absorption rates. 
2.2.6 The Gas Ignition System 
Before the combustion of coal will be self-supporting, the 
coal particle must be raised to a temperature in excess of 
the ignition temperat~re. For coal surrounded by a mass 
of inert particles as in a fluidized bed combustion system, 
---·---
the entire mass of coal and inerts must be raised to the 
temperature at which the combustion of the coal becomes 
self-sustaining. In the larger scale industrial type of 
equipment, this can generally be achieved.by 
(i) preheating the fluidizing air by means of a 
start-up burner located in the ducting 
immediately upsteam of the windbox, 
(ii) use of above bed burners directed onto the 
fluidized bed, 
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(iii) gas combustion within the bed. 
It was decided to utilize gas as a means of raising the bed 
temperature, and a number of gas start-up systems were in-
vestigated. Inherent in any effective gas combustion system 
is the requf!ement of good mixing with the air. For a 
fluidized b~d system this can best be achieved by pre~mixing 
the gas and the air in the plenum chamber or windbox providing 
the fluid~zing medium. However, the resulting large explo-
sive gas volume cohtained in the windbox constitutes a 
hazard and is industrially unacceptable. The nozzle-type 
of distributor would also result in the nozzles presenting 
high temperature surfaces from which ignition could be 
pnJpc:.gatc.).::!. 
A number of different gas ignition systems were considered. 
The concept of gas mixing in the nozzle developed by BCURA 
would iequire extensive safety features to enable its use 
with any degree of confidence. The system employed by NEI 
at Annan, in which the gas is introduced by means of a 
separate system of gas nozzles or bubble-.r;:aps ·though inherently 
. I -~ 
safe does not enable the satisfactory ~111~~~-~g of the gas and 
air •. The mixing is determined by the ~ate at which gas 
diifuses from a ~ubbl~ to the parti6ulate phase. tor shallow 
fluidized beds the bypassing of unburnt gases can be sub~ 
stantial. 
Even in premixed gas and air mixtures, c~mbustion in 
fluidized beds may not always ·be accomplished (134). 
·-
shallow 
A lower 
particie size limit has been established below which stable 
combustion will in any event not occur. Cole and Essenhigh 
(135) have also emphasized the difficulties associated with 
the combustion of gases in fluidized beds which have resulted 
in start-up times of as much as 24 hours being cited for large 
units. The major problem stems from the bypassing of the 
combustible gas through the bed as bubbles with its subsequent 
combustion above the bed. Both Broughton (134) and Cole and 
Essenhigh (135) indicate that combustion takes place within 
-66- r 
the particulate phase, whilst the explcisive nature of the gas 
combustion observed (75) would indicate that under certain 
conditions the bubbles do ignite. 
In view of the inadequacy of existing gas ignition systems 
concerninQ either their safety or their ability to form an 
adequate gas air mixture for combustion within the bed, a 
novel gas distribution system was developed. Two 19 mm 
diameter gas pipes are introduced into the windbox, where 
after distribution to smaller gas headers, the gas is finally 
distribut~d into a series of 4,76 mm diameter pipes each of 
which extend through the windbox before being arranged between 
the nozzles. Small diameter holes drilled into these 4,76 mm 
dia~eter pipAs en~ble the distribution ~f gas above the 
windbox. 
Figure 14 illustrates how the gas is effectively mixed with--
the air in the fluidized bed. From Figure 14 it is seen that 
the gas distribution pipework is situated in the defluidized 
section between the fluidizing air nozzles. The gas is 
readily distributed through this fixed ·b~d layer and diffuses 
into the particulate zone. Air from -the ·fluidizing air 
nozzles diffuses from the bubbles formed into the particulate 
zcine. Thus combustion should take place in the particula~e 
zone with a·f worst, air bypassing in the bubbles. 
The overall gas start-up system and associated safety features 
are illustrated in Figure 15. Gas is s~pplied from the 
factory gas ring main to the main gas distribution system 
described previously whilst a separate gas soGrce is u~ed 
for the pilot burners. The pilot burners are used for ~ 
igniting the gas and further provide an ignition source 
should the main gas be extinguished, thus preventing a large 
volume of an explosive gas mixture fro~ being formed in the 
confined space of the combustor vessel. Further, the 
solenoid valve will only be activated if a predetermined 
pressure is measured in each half of the windbox, and further 
that the pilot burner is in operation. A gas detector is 
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contained in each half of the windbox to establish that no 
gas has leaked from the distributing gas manifolds. 
2~2.7 Instrumentation 
In order to obtain as ~uch information as possible on both 
the combustion and he~t transfer reactions taking place both 
within the fluidized b~d and in the freeboard space above the 
J 
bed, the test facility ·has been extensively instrumented. 
All the signals from thermocouples and other electrical out-
puts have been brought to a common control and monitoring 
panel. These signals have been monitored continuously by 
means of two twelve point Phi~ips recorders and a further 
t~irty points ca, be no~ito~ed int3rmittently on a Fluke 
data logger. The majority of the pressure tappings have 
been connected to a manometer board on the control panel, 
whilst others specific to the suction pyrometers have been 
connected to a separate ma~ometer board. Continuous re-
cording gas analysers are housed in th&: control panel. Most 
of the motors and auxiliary equipment such as the high 
pressure fan, cooling water pump, coal feeders and coal 
conveyor are operated from the control panel. A photograph 
of the control panel is included with the photographs at the 
end of Appendix A. 
The variables which are to be monitored can be divided into 
six maiM categories: 
( i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi). 
temperature measurements, 
heat flux measurements, 
pressure measurements, 
flue ·gas analysis 1 
particulate sampling, and 
ancillary and special measurements. 
A detailed flow diagram of the instrumentation related to 
electrical signals is illustrated in Figure 16 whilst the 
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flow diagram for pressure measurements is illustrated' in 
Figure 17. Much effort has been spent in designing the 
instrumentation, details of which are presented in Appendix 
B. The general instrumentation philosophy is included in 
the following ~ections whilst reference to detail is made 
to Appendix B. 
a) General Temperature Measurements 
l 
The bed temperature is measured by m~ans of eight stainless 
steel sheathed chromel-alumel thermocouples situated at 
various points in the bed as illustrated in Figure 18. Iron-
constantan thermocouples have been silver soldered to five 
of the fluidizing air nozzles.and to five different points 
o~ thE distrib~tor pla~e. These tew~eratures are rnensursd 
in order to ensure that the plate or nozzles do not become 
too hot. The monitoring of these temperatures is of 
particular importance during start-up when flow disturbanc~~ 
could result in localized slumping or channelling in the 
fluidized bed. 
b) Gas Temperature Measurements 
. . J . 
Gas temperatures are measured by means of two types of 
suction pyrometers, details of the design and construction 
of which are_ contained in Section B.l of Appendix B. Ths 
first type J.S a ceramic low efficiency type of pyrometer 
which is used to obtain the temperature of the gas flow at 
more frequent intervals than from the second type of pyro-
meter. This latter type is a portable high efficiency 
suction pyrometer having three concentric Incolloy shields-.-------
Two of these pyrometers were manufactured and were used to-
take temperature measurements at the end of the combustion 
chamber and at th~ meas~rihg station immediately above the 
secondary air windboxes as illustrated in the Figures of 
Appendix B. 
c) Heat Flux Measurements 
The heat flow fr.om the furnace to the water jacket can be 
measured by means of some thirty-one heat ·flux pads which 
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have been attached at eleven levels in three vert~cal pla~es 
in the flue. These pads are located both within and above 
the fluidized bed. The design of the heat flux pads is 
similar to that proposed by Anson and Godridge (136), 
manufacturing details of which are illustrated in Figure 19. 
The heat flux is assumed to be proportional to the tempera-
ture difference monitored by means of two thermocouples 
which have been accurately positioned on the pad. Each of 
~ 
the pads was machined from flat bar on a numerically con-
trolled milling machine of the Mechanical Engineering 
Department of C~pe Town University. This ensured that the 
close tolerances required by the machining drawing of Figure 
19 were met, and further that each of the heat flux pads 
were identical with ~2ch other within the mach~ning capability 
of the particular milling machine. The welding of the pads 
to the combustor vessel flue was carefully supervised to 
further ensure that there were no deviations in the weldin~-­
technique from pad to pad. Details of the development of 
the design, and actual design details t:ff the heat flux pads 
are presented in Section B.2 of Appendix B. 
d) Pressure Measurements 
Water ma~ometers have been adopted for the moritoring of the 
bed pressure at eight different locations, whilst provision 
has been made for the measurement of the static pressures 
associated ~ith the primary and secondary windboxes. In 
addition those pressure values associated with the respective 
orifices were also monitored. 
The bed pressure probes are, however, worth special note. 
'The cooling jacket wall is penetrated by means of a 25 mm 
NB tube which is welded into th~ cooling jacket. A welded 
plug wiih a 7 mm diameter hole is fitted to the pipe on the 
bed side and ground flush with the jacket wall. The pipe 
which protrudes towards the outside of the combustor vessel 
is fitted with an end cap having a 6 mm diameter hole at its 
end. A 6 mm diameter stainless steel pipe is fitted through 
both the holes to extend some 25 mm into the fluidized bed. 
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This pipe acts as the bed pressure probe. It was decided 
to project this pipe a short length into the bed to overcome 
any wall effects the combustor vessel might have on the bed 
static pressure measurements. 
e) Flue Gas Analysis 
A Bosch non-disp~rsive infra-red type carbon monoxide 
analyser and a Beckman polarographic oxygen analyser were 
I 
utilized to monitor these two gases in the e~haust gas 
stream on a continuous basis. A flow diagram of the flue 
gas sampling system is illustrated in Figure 20. 
Periodically an Drsat analyser was utilized ta measure 
carbon dioxide and oxygen concentrations to act as a final 
check on the oxygen analyser. 
f) Particulate Sampling 
The BCURA type iso~inetic dust sampling probe was selected 
as a means of obtaining a representativ~ dust sample from 
:'i:•· . 
the test rig. The background to and the design of the 
sampling probe are contained in Section._B.3 of Appendix B. 
Strict adherence to isokinetic sampling cdnditions in 
accordance with the relevant standard were conducted in the 
duct above the combustion chamber. The location of the 
isokinetic sampling point is illustrated in Figure 21. 
The BCURA isokinetic dust sampling probe comprises a nozzle, 
a probe tube and a cyclone for meterinq the gas flow and 
removing the solids. Although the pitot traverse is 
recommended to be performed prior to gas sampling, the -----------·· 
design described in Appendix E has ~he pitot tube attached_ 
some 50 mm from the sampling nozzle to enable simultaneous 
measurements of the pitot tube to be taken whilst sampling. 
Flow straighteners and an orifice plate are located upstream 
of the sampling point to ensure uniform flow and a uniform 
solids concentration in the sampling plane. 
The main function of the isokinetic sampling probe is to 
establish the carbon content of the entrained dust and so 
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e~tablish the carbon loss of the combustor under differing 
operating parameters. 
g) Ancillary and Special Measurements 
In addition to the measurements taken in the previous sections, 
monitoring of water flow rate~, air temperatures, barometric 
pressure and so on have to be undertaken. However, of 
special note is a heat flux probe which is i~troduced via 
' 
the ash part. Details of the design of this probe are 
contained in Section B.4 of Appendix B. This probe is 
used to measure bed to probe heat transfer coefficients;and 
.--
though not affecting the overall process, it can provide 
information on the heat transfer mechanis~ from ·the b~d t~ 
an immersed suifuce. Fu:.:thermorE; Gssoc::ated 11Ji '..:h the 
shallow fluidized bed is a cloud zone (50) which can have 
important heat transfer characteristics. An adjustable 
heat flux probe will enable the relative heat transfer 
coefficients between the probe and the bed, and the probe 
and the cloud zone to be investigated.~· 
The design of the heat flux probe is based on the principle 
'·. 
of measuring the difference in temp~r~tur~ between two 
points in a conductor having a well defi~ed geometric 
configuration. The probe is introduced via the central 
ash pipe. -s~als have been designed and fitted to the ash 
pipe to preverit sand wedging between the probe and the ash 
pipe. The probe itself is located at the end of a cooling 
jacket section and is made up of anll,5 ·mm thick stainless 
steel cylindrical section that enables. ~ater to be iritroduced into 
the core of the cylinder~ The cylinder has a diameter of 
38 mm with an effective length of 25 mm. A sketch to 
illustrate the operation of the probe is presented in 
Figure 22. 
The probe was designed to ensure a high velocity of the 
cooling water on th~ inner surface of the probe thereby 
ensuring a high internal heat tra_nsfer coefficient. A 
recess on the upper surface allows a stagnant layer of sand 
Ill 
N 
Figure 22 
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2.3.2 General Operation 
Once steady coal combustion has been established and the gas 
isolated from the rig, the air and coal flow rates are 
simultaneously adjusted until the bed temperature approximates 
that at which the test is to be performed. The air flow is 
then adjusted to obtain aR approximate bed velocity condition •. 
Finally, with the air flow fixed, the coal flow is adjusted 
until the oxygen level in the flue gas is about 4%. This 
corresponds to an excess air factor of about 1,2 which would 
represent a desired opeiating condition in an industrial 
envirbnment. .Details of the relationships between the flue 
gas components, the extess air factor and so on are contained 
in Appendix D. 
On maintaining sterdy operating conditions for at least 
fifteen minutes, the test .is commenced. About 90 minutes 
of steady operation is. required in order to obtain a complete 
set of results. If only one particula~ parameter is to be 
·;;; 
investigated, eg carbon loss, or only the heat transfer to 
the immersed cooling tube, then the duration of the test can 
<.'· ...... be much shorter. , . 
-----
2.4 EXPERIMENTAL PROCECURE 
2.4.l Calibration of Ecuipment 
Prior to the performance of any tests, the test equipment 
must be adequately calibrated~ The calibration of ·vario_u.§~---·-----· 
items of plant is discussed below, whilst the calibration of 
the instrumentation has been covered in Appendix B. 
a) The Primary Air Windbox 
The pre~sure drop to volume characteristic of the primary air 
windbox was established prior to any fluidization tests. The 
flow characteristic was compared with that obtained from the 
tests performed on the individual nozzles where the discharge 
-84-
coefficient of the nczzle was evaluated as 0,694, cf Section 
2 • 2 • 2 • The characteristic for one half of the windbox 
containing 156 fluidizing air nozzles has been derived from 
a least squares analysis as: 
(27) 
This relationship is illustrated in Figure 24. The pressure 
drop is lower for the complete windbox than. f
1
or the single 
nozzle for an equivalent gas mass flow rate, this implies a 
higher coefficient of discharge than that obtained for the 
single nozzle test. Indeed, the coefficient of d~scharge 
is found from equation {27) to be 0,746. This would imply 
some form of pressure recovery with the nozzles acting as a 
distributor on top of the w~~dbox. 
b) The Underbed Coal Feeder 
The screw feeder was calibrated using the duff coal having 
the size analysis represented in Appendix C. The experimental 
,• ;;. 
points illustrated in Figure 25 have been fitted by a least 
squares analysis by equation (28) 
-3 
Mfu = 1,96·10 ·n (28) 
The flow rate using the low fines coal is also found to be 
related by equ-at.ion (28) correcte.d by a factor equivalent to 
the ratio of the bulk densities of the two coals. Values 
for these bulk densities are to be found in Appendix C. 
c) The Overbed Feed System 
The overbed feed system is made up of a rotary drum type feeder 
and a pneumatic spreader. Details of the flow and spreading 
charactertstics of this spreader are contained in Appendix E 
together with det~ils of the fltiw calibration of the drum 
feeder. This feeder was also calibrated using the duff coal 
. , 
the results of which were fitted by a least squares analysis 
represented by equation (29). 
-3 
Mfo = 1,32·10 + 0,0416·n L29J 
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After having obtained the relationship given by equation (29)," 
the maximum flow delivered by the feeder was reduced to about 
0,100 kg/s by increasing the gear ratio between the feeder 
and drive. 
2.4.2 Outline of. Tests Performed 
A total of fifty three test runs were undertaken. In some 
instances it was possible to undertake a number of individual 
tests during each test run, however in others due to poor 
operation of individual components or instrumentation no tests 
were·completed or cinly limited results were obtained. In 
particular, considerable difficulties were experienced in 
feeding wet coal having a high content of fine material. 
Complete results were therefore only possible when burning 
relatively dry coal as indicated by the analyses of Appendix 
C. The duration of each test run never exceeded twelve 
hours due to operational and staffing requirements. In 
particular, after testing for this leng.:th of time, the. 
various filters on the high efficiency suction pyrometer and 
to a lesser extent on the gas cleaning ~ystem required 
attention in order to continue obtaining good results. 
The grading of the bed material changed during operation as 
a result of ~he coarser ash fraction remaining in the bed. 
This tended to bri~g about an increase in the mean particle 
size of the inert bed material. However, periodic replace-
ment of the material with fresh silica sand prevented there 
being any significant variation in the bed material ~ize 
··--------
grading from one test to another. 
During the test series two coal types were utilized. The 
first is a coal having a high content of relatively fine 
material and referred to as "the duff coal"; and a second 
coal being relatively free of fines and referred to as "the 
low fines content coal". Other than grading, the two coals 
have very similar properties. Details of the properties of 
these two coals are included in Appendix C. 
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In addition to the two types of coal, the test results are 
further distinguished by the coal feed system utilized; i.e. 
above-bed or under-bed feeding of the coal. In summary, 
the following can be written: 
Test Runs 1-39 and 51-53 undertaken with duff coal 
Test Runs 40-50 undertakeh with low fines coal 
and 
l 
Test Runs 1-43 undertaken with under-bed feeder 
Test Runs 44-53 undertaken with over-bed feeder. 
These tests can b~ divided into three main sections: 
( . ' i,
(ii) 
(iii) 
Heat tr~nsfer ~ithin the b~d. 
Heat transfer and combustion above the bed. 
The overall plant performance. 
a) Heat Transfer within the Bed 
Heat from the fluidized bed can be transferred to the surround-
ing cooling water jacket, to an immersed. horizontal tube, to 
a heat transfer probe introduced via the ash port and finally 
from the top surface of the bed to the gas and encJ.osure of 
the freeboard. This latter element of the total heat 
transferred from the bed has not been specifically meis~red, 
though it is considered in the theoretical analysis. 
The heat transferred from the bed to the water jacket has 
been monitored by means of heat flux pads. These measurements 
are undertaken for all of the tests and averaged over the 
duration of the test. However, from Test Run 47 onwards,- a 
measure of the instantaneous heat transfer coefficient was 
obtained by monitoring the instantaneous heat flux rate at 
a faster recorder speed. 
The horizontal tube was only installed in the bed after Test 
Run 43, whilst measurements to the heat transfer probe were 
monitored from Test Run 45 onwards. This latter probe was 
used to obtain information on the mechanism of heat transfer 
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within the fluidized bed. None of the three heat transfer 
measurements should be affected by the change from under-bed 
to above-bed feeding, nor by the size grading of the coal 
feed. 
b) Heat Transfer and Combustion above the Bed 
The measurement of heat flux by means of heat flux meters at 
various levels in the freeboard provides a m~asure of the 
heat transferred in this region. In addition, flue gas 
temperatures are monitored by means of the ceramic tempera-
~ure probes as well as the high efficiency shielded pyrometers. 
The heat transfer in this zone can clearly ba affected by the 
means of coal feeding, the grading of the coal and the 
operating conditions due ~o the variations in the neat re-
leased. Of particular intereet is the monitoring of the 
heat transfer when the combustor acts as a gasifier, i.e. 
with the introduction of secondary air above the bed with 
substoichiometric combustion of the coal within the fluidized 
;;.. 
bed. A complete set of results was obtained for eight tests 
incorporating the use of secondary air. These tests are 
tests 35b, 38b, 40b, 4lb, 4lc, 47d, 50h and sac. 
c) The OverallPlant Performance. 
The carbon content of the entrained ash is measured to assess 
the overall combustion efficiency under different operati~g 
conditions. The size gradings of the entrained ash have been 
obtained to evaluate the elutriation fo~ different coals and 
methods of feeding the coal. . Far all but one test in which 
secondary air was employed, the secondary air- represented----·-
about 30% of the total air flow. Efforts were made durin~ 
most of the tests to maintain the excess air level at about 
20% excess over stoichiometric. The bed operating parameters 
were varied between the following general limits: 
static bed height 
superficial gas velocity 
bed temperature 
120 - 230 mm 
1,0 3,3 m/s 
780 - 990°C 
-90-' 
CHAPTER 3 
EXPERIMENTAL RESULTS 
The major objectives of the experimental work are to establish 
the nature and extent of the combustion phenomenon, and to 
evaluate the heat transfer in various regions of the shallow 
fluidized b~d combustor furnace under different operating 
conditions. The operating parameters were maintained at 
those levels likely to be utilized commercially. The bed 
height was therefore restricted to relatively shallow depths 
to limit the fan powe~ c~~sumptio~ whilst the lo~Er \e:ocity 
limit is ~aintained well above the minimum fluidizing velo-
city whilst the maximum velocity is restricted to limit the 
carry-over of unburnt carbon. 
In the previous chapter, the tests wet~divided ~nto three 
main sections. However, further subdivision into six main 
groupings is necessary in order to desciibe the results. 
These six groups are: 
( i) Heat transfer to the immersed tube. 
(ii) Heat transfer to the peripheral wall. 
(iii) Heat transfer to an adjustable probe. 
(iv) Heat exchange in the freeboard. 
(v) Combustion. 
(vi) Entr,ainment. 
Some of these groupings are completely independent of each 
other, for instance the heat transferred to an immersed tube 
, and the entrainment, whilst combustion and entrainment are 
very much inter-related. The groupings have further been 
necessitated in view of their dependence on different input 
parameters, since while combustion and entrainment are 
markedly affected by the size grading of the incoming coal, 
the same cannot be said for the heat transfer within the bed. 
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Previous work (75) indicated the dependence of the combustion 
efficiency upon the temperature, velocity and bed height. 
This is cons~dered as a good approximation under similar 
excess air conditions and the work has been expanded in this 
thesis to incorporate the simultaneous extraction .of heat by 
heat exchange surfaces whilst burning the coal at r~latively 
low excess air levels. Empirical correlations ~ave been 
established for some of the he~t transfer studies. Statistical 
analysis of the data has enabled the use of ~nly those para-
meters which significantly affect the heat transfer coefficient 
to be employed ~n the correlations. A brief description of 
the more important statistical relationships used in this 
thesis a~e contained in Append~x F. 
Prior to a desciiption of the results given by the six 
groupings, the result~ pertaining to some of the fundamental 
parameters are described. D.f particular importance to 
shallow fluidized bed combustors is the bed expansion and 
the determination of this parameter is~iscussed at length. 
The results for all the tests have been included as tables 
in Appendix G. A summary of the condi:tions prevailing 
during each of the tests is given in Table Gl of Appendix G. 
3.1 EXPERIMENTAL DETERMlNATIDN OF THE MAIN PARAMETERS 
3.1.1 The Fluidization Diagram 
In order to obtain information on a multiple component pa__:ti---~­
cle system, some form of fluidization diagram-is useful. 
Reh ( 11), ( 137), ( 138) has proposed the use of a diagram in 
which a Reynolds number is plotted against a modified Froude 
number. A modified form of the diagram is represented in 
Figure 26. The diagram represented by Figure 26 is similar 
to that proposed by Zenz and Othmer (9) as the ordinate may 
be represented by the reciprocal of the drag coeffi~ient for 
a single particle. The lower boundary line represents the 
transition from the fixed bed to a fluidized bed flow regime 
10 
N I "00. 
:J • 
CJ) 
\")I .....:t 
0, 1 1,0 
l -.,, ~ ,, "'<" .... ~ 'V ~ ,, <. ..... 
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Tli I 
iOO 1000 
Fluidization diagram as proposed in Reference 
(11) with sup~rimposed particle diameters and 
velocities referring to conditions at B00°C. 
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whilst the upper boundary line represents the relationship 
defining the particle terminal velocity .. The two boundary 
lines have been obtained from equations (4) and (8). 
Superimposed on the diagram are lines of constant Archimedes 
number and lines representing constant values of the dimension-
less parameter Z which is defined by equation (30): 
·µ, 3 
Z = ---- ·U (30) ps - pf f 
Clearly from the definition of the Archimedes number and 
equation (30), the Archimedes number is a function of the 
particle diameter, the particle density and the operating 
temperature, whilst the paramete~ Z is a function of the 
particle density, the bed temperature and the velocity. These_ 
two relationships are represented below~ 
Ar = f( p8 ,T,dp ) 
Z - f( p ,T,d ) 
s l? 
Thus for a particuJ.ar particle density, lines of constant 
velocity and constant particle diameter can be superimposed 
onto the fluidization diagram for a particular bed temperature. 
As opposed to Figure 26 which has general application, a 
similar diagram ·can be drawn at a specific temperature re.-
lating the various flow regimes as a function of velocity 
and particle diameter. This is illustrated by Figure 27 
which has been dr~wn for a fluidized bed at l000°c. 
Battock and Pillai (139),~have defined a region of "good 
fluidization'' on a similar fluidizat~on diagram which they 
have developed. This "good fluidization" line has been 
· dra~-m on both. Figures 26 and 27 together with\ the operating 
ranges of velocities·and bed material particle sizes. Although 
the particle size range varies from zero to about 9 mm, the 
mean particle diameter was never very different from. that o#f 
the original sand i.e. 0,847 mm. It is clear therefore from 
both Fi~ures 26 and 27 that the bed was operated at values 
very different from those recommended for good fluidization 
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(139). This will lead to higher elutriation rates than 
anticipated and a possible decrease in the combustion 
performance i.e. combustion efficiency. 
3.1.2 The Minimum Fluidizing Velocity 
Figure 28 illustrates the bed pressur~ ta velocity relation-
ship for two different bed heights. The curve has been 
t 
drawn on logarithmic paper •. The slope of the curves in the 
fixed bed region is about l,5 which is between a value of 
unity far laminar flow and two for turbulent flaw. The 
intersection of this line with the constant.pressure lines 
yields a minimum fluidization.velocity of 0,38 m/s. This 
·value: cor.1pares well witr H.e 'J,376 11/ s c~tainer! f :rom tl-18 usr:~ 
of equation ( 4 ) . As the temperatures at which the test rig 
is operated are well in excess of the 40°C at which the 
fluidization studies were performed, equation (4) has bee~·-­
used to evaluate the minimum f luidization velocities at these 
higher temperatures without experimentctl verification. 
3.1.3 Correlation bf the D¥namic Bed Hiisht 
----·----·---
rhe pressure measuremerts associated with the combustor pl~num 
chamber (or windbox) and the bed sections fluctuated ccin-· .; 
tinuously during the tests as a result of bubbles bursting 
at the surface. This made accurate measurement of these 
readings difficult. Four pressure probes are contained at 
two levels, one at the base of the fluidized bed and the 
second some 75 mm above the b~se of the bed. A-mean value 
---~ 
for each of the four readings at each level yields a value 
for the bed pressure as well as a value for a pressure midway. 
along the bed from which an assessment of the dynamic bed 
height is possible. Further measurements, which relate to 
the effective bed height, have been made utilizing the 
adjustable heat transfer probe and are discussed in section 
3.4. A diagram to indicate the precise positioning of the 
bed pressure probes and illustrating their connection to the 
water manometers is given in Figure 29. The bed density is 
.:...._ 
~ r .• 
500 
400 
E 
E 300 
-.I::. 
0) 
·a; 
.I::. 
"O 
OJ 
..a 200 
L,_ 
0 
0) 
~ 150 
E 
E 
OJ 
L,_ 
:J 
V> 
V> 
(J) 
L,_ 100 
a_ 
90 
80 
70 
0,2 
I 
bed pressure 
drop 
-96-
--fr-·-~--Y 
,, 
bed depth 
/tr' 
.-f:5·--~-­
/'./r 
-·-a-·-o--
.-·o-I ,,0- . 
· 1 ./ bed depth 
. :a 
-·~· --o-· -o---°"· 
0,4 
bed temperature - 40C 
particle diameter - 0,847 mm 
particle density - 2640 kg/m3 
0,5 0,6 0,7 
Superf i c icil Gas Velocity ( m/s) 
Figure 28 Pressure-drop velocity chara~teristic for a 
typical fluidization study with a bed of 230 mm 
deep and a second characteristic for a shallower 
bed 120 mm deep. 
... 
-97--
--- --------------- ------, 
l j 
-- - - - -- -·--r --- ----~1 
I 
r-OTE (a} and (b} defined 
by equation(31) 
Figure 29 
---
. 
I 
. .J . 
I 
I 
I 
I 
I 
I ______ ,, 
bed bed 
pressure dens~ty 
/ 
Diagram to illustrate the uie of the be~ 
pressure probes for evaluating the dynamic 
bed height; 
,_ 
-98-
defined as the pressure differential between the two levels 
of pressure measurement. The dynamic bed height can there-
fore be estimated by equation (31), where the constants 1 a' 
and 'b' are defined in Figure 29. 
+ b· (bed pr~s~ure ) 
a (bed densi. ty ) (Jl) 
On increasing the gas velocity through a fluidized bed, the 
1 
bed expands a~ a result of the increased for~ation of bubbles 
which in turn causes an ihcrease in the mean bed voidage~ 
Howevei, the bubble velocity is significant in that this para-
meter determines the bubble residence time and hence the 
volume occup~ed by the bubbles in the bed. The mean bed 
voidage t~erefore incarporetes the spacr occupied hy the 
bubbles as one c-omponent toge th er with the voidage of the 
particulate phase, which is assumed to be similar to the bed 
voidage which exists at the minimum fluidization condition,---
forming the .second component. 
be related to the dynamic bed 
H 
a: = 1 ,,... H;t • ( 1 - a.mf ) 
The mean voidage fraction can 
height byt equation ( 32). 
{32) 
--
For reasonably spherical particles a voidage of 0~4 is nor-
mally assumed at the minimum fluidization velocity. Using 
this value the- mean voidage during each of the tests can be 
obtained from the bed pressure measurements and by making use 
of equations (31) and (32). The results of these talcula-
tions are contained in Table G2 of Appendix G. The value of 
the dynamic bed height included in the table has been evaluated 
from equation (31). 
Staub and Canada (140) have introduced a method which has 
been widely used .for gas-liquid systems for d~scribing the 
bed expansion of large particle shallow fluidized beds. The 
same method has been employed in correlating the data of Table 
G2 in Figure 30. This figure incorporates a plot 6f the 
ratio of the mean voidage to the velocity against this super-
ficial gas velocity. The points have been correlated by a 
4,5 
4,0 
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3,0 
2,5 Id -
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figure 30 Bed voidage to superficial gas_ 
velocity characteristic. 
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least squares method resulting in the straight line given by 
equation (33) 
uf I a = 1,392·uf + o,383 (33) 
The coefficient of correlation is 0,976 which indicates a 
particularly good fit. The dynamic bed height is easily 
obtained from the bed expansion by utilizing equations (32) 
and (33). This value of dynamic bed height _has been adopted 
in all further calculations in preference to that obtained 
ftom measurement in vi~w of equation (33) effectively smooth-
ing the errors resulting from bed pres~ure measurements. 
Figure 31 has been drawn to illustrate the variation of the 
voidag~ fraction with the suparficial gas velocity, whilst 
tl1.3 vari3-tio11 uf the d~·ramic bed h3ight ·,11ith g<rn velocity is 
illustrated in Figure 32. Also included in Figure 32 is the 
relationship derived by Kolenko and Collin (141). From the 
figure, it is seen that both curves predict bed expansions 
which do not differ by more than 15% of each othet for all 
velocities up to about 2,5 m/s. At h.igher velocities the 
bed expands rapidly according ta Kalenko and.Collin (141) 
as is ta be expected f-ar deep f luidized:·beds, whilst equation 
-.. 
{33) predicts a maximum bed expansion·g_f ___ ~!·13. Such a maxi-
~um is ta be exp~cted for shallow beds with law aspect retioe, 
i.e. where the bed height is very much less than the vessel 
diameter. Clearly, under the range of test conditions . 
empla~ad, the combinat~on of equations (32) a~d (33) yields 
representative information on the bed expansion. 
A further point to note from Figures 30 and 31 is the gre_ater~-­
scatter of the data obtained when using the shallower (i.e. 
those about 120 mm deep) as opposed to the deeper (i.e. those 
about 230 mm deep) fluidized beds. This is probably due to 
the pressure fluctuations, though smaller in the case of the 
shallower beds, being relatively larger when considered in 
relation to the mean. value of the pressure reading. This 
relatively larger fluctuation will incur a larger error in 
the bed pressure measurements thus accounting for the greater 
scatter of these results. 
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3.2 HEAT TRANSFER TD A HORIZONTAL IMMERSED TUBE 
The horizontal immersed tube is located in the secondary cool-
ing circuit. The general arrangement of the tube has been 
describerl in Section 2.2.5. Thermometers at ~nlet to and at 
the outlet from the tube, together with an integrating flow 
meter permit an accurate assess~ent of the total heat trans-
ferred to the tube to be made. The measurement of the tube 
wall metal temperature is necessary in orderlto evaluate the 
heat transfer toeff icient in contrast to the heat flux or the 
overall heat transfer.rate. These thermocouples h~v~ been 
imbedded in the upper, lower and mid-positions at 90° from 
each other in two vertical planes through the tube a~ de-
tailed in Section 2.2.5. Figure 33 illustrates the dependence 
of the heat flux rate upon the bed temperature. From the 
figure it is evident that a very high heat flux rate is 
attained in the bed and rises steadily as the bed temper.a_:-_ 
ture increases~ 
;;;. 
This high heat flux rate results in the tube metal tempe~ature 
exceeding the boiling point of the coo~ing medium and as a 
consequence the mechanism of heat transfer at the inner tube 
surface is that of sub-cooled boiling. -~his sub-cooled 
boiling heat transf~r coefficient will be higher than the 
corresponding convective coefficient which would have pre-
vailed h~d the tube metal temperature not exceeded the hailing 
point of the water. This further enhances the measurement 
of the bed to tube heat transfer coefficient as this external 
coefficient therefore becomes_the controlling parameter in 
the overall heat transferred. Thus, fairly large variat-ions·---. 
in the internal heat transfer coefficient will have only a-
rather small effect on the overall heat transferred. This 
is illustrated by Test 50e represented in Table G3 of Appendix 
G where a 33% variation in the cooling water mass flow rate 
(and hence a 28% increase in the internal heat transfer co-
efficient in ab~ence. of subcooled boiling) results in only a 
4% increase in the total heat absorbed. 
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A further pbint to note from Figure 33 is the consistently 
higher heat flux rates obtained from the deeper beds in 
contrast to the shallower beds. The reason for this has 
been proposed as being due to the correspondingly higher ~as 
velocities associated with the deeper bed at a similar bed 
temperature in view of the higher bed rating (136b). However, 
further investigations described in Section 3.4 using the 
adjustable heat transfer probe indicate that, the cause of 
this difference may be of a more fundamental natuie. In 
particular the frequency of variation of the instantaneous 
heat transfer coefficient is found to differ for the two bed 
heights employed. 
RafE.rE.nce to T .=.ble G3 · .J7 AppEmdix G ir.dicc;·~es that ·che inlet 
water temperature js significantly lower at the equivalent 
flow rate than would be predicted by Figure 13, This is 
due to the opening of the drain so as to increase the wat~~­
flow ta the buffer tank thereby reducing the final tempera-
ture leaving this tank. This was undifrtaken to limit the 
sub-cooled boiling phenomenon which resulted in widely 
varying tube metal temperatures and at ·::times caused f luctua-
tions in the water outlet temperature:(cif the order of 0,5°C). 
3.2.1 Heat Transferred by Radiation -
The total external heat transfer coefficient has been descri-
bed as the sum of that due to the particle and gas convective 
components and the radiative component, cf Section 1.3.l (a). 
·rn view of the relative ease with which the radiative com_.:.:. __ ·---~ 
ponent can be described, it is assumed for the purpose of ~his­
thesis that 
(i) the radiative and convective components are 
purely additive 
(ii} par~icle and gas convective components are 
considered as a single component 
(iii) the contrib8tion to heat transfer when the 
surface is contacted by a bubble is assumed 
to be small. 
-106-
Thus equation (13) reduces to 
= (34) 
Now the radiative component hr is dependent an the to·tal 
interchange area between the bed and the tube. Assuming 
the exchange to be between the tube and a surrounding 
cylinder of bed material and further that the gas between 
the two cylinders is transparent to radiation then the 
:1 
following relationships can be derived for giey surfaces: 
(35) 
(36) 
The emissivity of an entire bed of silica sand with ~ particle 
emissivity of-0,6 has been found ta be 0,85 (41), (46), whilst 
for boiler tube an emissivity of 0,70 (58) can be assumed •. --
Substituting these two emissivity values into equation (36) 
the following can be derived: ; .. 
sbst = o,e2·At 
(·since At ::: Ab ) 
the radiative heat transfer coefficient 
Sf1t ·a· ( Tb - '.L'~ ) 
= 
-- Ab. ( Tb ~ T t ) h r (37) 
Equation (35) y~elds the amo8nt of the total heat transferred 
which can be attributed to the radiative component. By 
subtracting this from the total heat transferred, the heat 
transfer due to the convective component is o_l:J_tained. Ind-e-e.d-,--
in view of the low pressures, gas ~onvection is small and the 
total convective component approximates the particle convec-
tive component. 
3.2.2 Statistical Analysis of Results 
In order to relate the data to the different operating 
conditions it is of value to form some empirical correlation. 
In view of the ease with which the radiative component can· 
-107-
be evaluated, the resulting convective component of the heat 
transfer toefficient will be utilized in formulating the 
empirical relation. A large number of correlations exist, 
and these have be~n reviewed in Section 1.3. However these 
have generally been obtained utilizing deeper beds of fine 
particles at relatively low temperatures. A large number 
of these correlations utilize a combination of Nusselt, 
Reynolds,. Archimedes and Prandtl numbers and it is of value 
~ 
particularly for the sake of comparison to uf ilize similar 
forms of dimensionless numbers. The Archimedes number has 
previously been shown to be a function of the prevailing 
temperature, the particle diameter and the particle density. 
The particle ·diameter which is raised to the third power, 
clearly hss the majcr effect 8n the Ar~himedes rumber whils~ 
temperature and particle have only a secondary influence. 
It was therefore decided to utilize a relationship similar 
to equation (19). The product of the Nusselt number and 
Archimedes number raised to the power of 0,3 was considered 
as a single parameter in view of only one particle diameter 
being utilized. A number of preliminary investigations 
indicated that the correlation could be>improved by incor-
., ·· .. 
porating the mean bed voidage into thi~. parameter as suggested 
by Andean et al (52). Tbe resulting parameter has the form 
It was therefore decided to utilize the parameter 'P' as the 
dependent variable, and to evaluate the variation in 'P' and 
hence the heat transfer coefficient as defined by the Nusselt 
number in terms of the operating parameters d~s{gnated by------
specific groupings and forming the independent vaxiables. _A 
list of the independent vari'ables considered is quoted below: 
(i) the tube Reynolds number 
{ii) ratio, of the dynamic bed height (as evaluated 
from equation (33) to the static bed height 
(iii) the dimensionless reduced static bed height 
· .. ,.. wh.ich is defined as the ratio of the prevailing 
~·-~~~if;;~~;~,::::~~~~:~i ·~:··.:: .· -~····. ~ ~ . 
"·'· ... ~.- ,: .-. ··· ·· · ·"static bed height to a height of 100 mm 
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or for there to be no significani correlation between any 
parameters, the following inequality must be satisfied: 
two 
- 2,09 < r .. /20 < 2,09 1.,Jll~. (39) 1.,J 
I r ij I < 0, 4 2 J or (40) 
Reference to equation (40) and Table l indicates that a·signi-· 
ficant correlation exists between the following pa~ameters: 
Reynolds Number 
The Height Ratio (Hdyn!Hst) 
Temperature Ratio 
Fluidization Index 
and 
and 
and 
Reta , 8 N 
Hdyn/Hst N 
Reta ' Hdyn/Hst , 8 
From Table l it is evident that the static bed height has a 
Very signific~nt e~fect on the dependent variable whilst the 
fluidization index, the temperature ratio and height ratio 
appear to be largely interrelated. In order to determine the 
significance of each of the dependent variables on the com-
·*··· bustion efficiency, the standard normal correlation coefficient 
Bi, for each of these parameters must b_e determined. These are 
found from the co~ponents of the inver{~d~matrix formed from 
the bivariate correlation coeff ic ien·t .:mat.r...ix of all the 
components between the independent variables, i.e. excluding 
the sixth rqw_and sixth column of Table 1. This inverted 
matrix or g- matrix is give~ in Table 2. 
TABLE 2 
91j 
92j 
93j 
g4j 
95j 
Inverted Matrix of the Bivariate Correl~tion 
Coefficients between the !~dependent Variables 
-
9il 9i2 gi3 9i4 gi5 
6,990 89,689 1,6915 20, 966 -104,27 
89,689 1846,4 24,346 389,47 :-2096,0 
1,6915 24,346 1,602 6, 026 
-28,167 
20,966 389,47 6,026 85,468 -444,9 
-104,27 
-2096,0 -28,167 -444,9 2383,l 
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From Table 2, th~ following standard normal correlation 
coefficients are determined~ 
1) Reynolds number . Bl -0;2038 . = 
2) Ratio of bed heights (Hdyn/Hst) B2 = -0,7583 
3) Reduced static bed height, Hst,r . B) = 0,6844 . 
4) Temperature J.... B4 0,6987 ra (.. io ::::: 
5) Fluidization index B5 = 0,3950 
The multiple correlation coefficient has been calculated as: 
R = 0,8671_ 
i~dicating that the regression equation which could be deter-
mitied from thr. five, inderrnndent variables fits the data 
moderately well.- Howaver the contribution of some of the 
independent variables may not be significantly different from 
zero. By taking 95% confidence limits the interval estima-tes, 
B1 , for each of the standard partial cotrelation coefficients 
can be determihed from equations (Fll);and (Fl2) of Appendix 
F. The calculated interval estimates are given below: 
- o, 8496 < B' < 0,4420 1 
-11,2533 < B' 2 < 9, ?36? 
0, 3?53 < B' 3 < 0,9935 
2,-9658 < B4 < 1,5594 
-10,530 < B~ < 13,3130 
·-
··--- ·------
From the interval estimates for the partial correlation co-
efficients it would appear th_at only the reduced static bed 
height {B 3 ) has any .major significance in· the __ regression 
analysis in vi~w of its interval estimate not containing the -
zero point. In view of the possible inter-relationship 
between parameters, the Reynolds number (B1) may provide 
some influence in an empirical relationship. 
The remaining three variables have been eliminated and the 
regression analysis based on a least squares method under-
taken to correlate the parameter P in ~erms of the reduced 
-112-
bed height and the tube Reynolds number. By rearranging 
equation (38) the resulting correlation for the convective 
heat transfer coefficient is giv~n by: 
( 
(41) 
The multiple correlation coefficient is evaluated as 
R = 0,806? 
The elimination of three of the original five.variables has 
resulted in a decrease in the multiple correlation coefficient 
from 0,8671 to 0,8067. In order to establish whether the 
coefficient has been lowered significantly by the eli~ination 
~f the three variables, the t~st ns pr~s9nted ~r Appendix F.2 
is applied. From equation (Fl3) the following value is 
obtained: 
F = 2,139 
and 
F (16, 3) == 3, 24 
o, 9 5 ;;; ... 
F (16,3) = 0,309 
o, 0 5 
Ahd since the ~alue of F lies between 0,309 and 3,24 the mul-
tiple correlation coefficient has not be~h significantly · 
reduced. Equation (41) can therefore be taken as the best 
estimate of the Nusselt number from which the convective 
component of the heat transfer coefficient ii easily 
established. In the determination of equation (41) the 
following regression table given by Table 3 was generated: 
TABLE 3 Rearession Table from the Analysis result= 
ing in the formation of Eguation (41) 
Sum of Degrees of Mean 
Squares Freedom Squares 
-
Regression 0,1497 2 0,07486 
Residual 0,0798 19 0,00420 
Total 0,2295 21 
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With the following statistical values: 
Coefficient of Determination 
Standard Error of Estim~te 
Multiple Correlation Coefficient 
0,6522 
0,0648 
0,8076 
The results of the heat transfer studies performed on the 
horizontal cooling tube have been plotted in Figure 34 to 
illustrate the variation of the data points. The parameter 
has been plotted as a function of the Reynolds number result-
ing in the distinction in the results obtained for deeper 
(about 230 mm) and shallow~r (about 120 mm) bed depths being 
clearly evident. 
3.3 HEAT TRANSFER TO THE PERIPHERAL .. WALL 
As illustrated in figure B7 of Appendix B, three heat flux 
pads ar~ located at a level some 65 mm .~bove the base of the 
' ,,, .... 
bed. A further three are situated 290 mm above the base of 
the bed. These latter three at the higher bed level were 
not always covered by the bed materia~, particularly when 
utilizing the shallower fluidized beds. -- However, the 
meters at the shallower bed level were always covered by bed 
material. ·By.monitoring the mean metal temperature.and the 
temperature differential between two points in the p~d, both 
the heat flux rate and the bed to wall heat transfer coefficient 
can be established. Only the results f.rom one of the lower 
three heat flux pads has been _utilized in ana_lys_ing the he_~t 
transfer data in order to enhance the comparison from tes~ to 
test. 
The results from some forty five tests of the measured heat 
flux rate as a function of the bed temperature are illustrated 
in figure 35. The heat flux rate includes both that due ta 
radiation and that due ta convection and has been evaluated 
by using the heat flux meter coefficient of 88,98 kW/m2/mV 
established in Section 82 of Appendix B. The operating 
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conditions. for the results of the heat transferred to the 
surface as well as the calculated values of some dimension~ 
less numbers have been tabulated in Table G6 of Appendix G. 
The radiative component of the heat transferred has been 
consideied to be additi~e to the convective component to 
form the total heat transferred. This radiative component 
has therefore been ob~ained in a very similar manner to that 
described in Section 3.2.1. and utilizing the same emissivity 
•.t 
values for the surrounding surface of 0,70 a~d for the bed 
of 0,85 . 
. The forty five test re~ults can be divided into two groups, 
those related to the shallower bed depths (ranging from 97 
tQ ~4A mm) 2nd those related to the dBerer beds (ranging 
from 188 to 226 mm). From Figure 35 no clear distinction 
is immediately obvious regarding the difference in_ heat flux 
rate between shallower and deeper beds as was reported for-~ 
the immersed tube. However closer investigation would tend 
to indicate that the heat flux rate to;the shallower beds is 
marginally higher than to the deeper beds, ~hich is contrary 
to observations concerning the immersed ~ooling tube. A 
statistical evaluation of the results-has therefore been 
undertaken. 
3.3.1 Analysis of the Test' Results 
The statistical analysis df the results obtained from the 
measurement of the heat transfer by a sObmerged heat flux 
meter has been conducted i~ a~similar manner as-was employed 
-----
for the immersed cooling tube. In view of ~~is similarity, 
only the more important points have been highlighted in the 
description of the analysis. 
The convective heat transfer coefficient has been plotted as 
a function of bed temperature in Figure 36~ From the figure, 
it is seen that the results obtained from the deep~r bed tests 
appear to have convective heat transfer coefficients almost in-
dependent of the bed temperature, whilst the heat transfer 
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coefficient for the shallow bed test series appears to 
increase marginally as the temperature increases. On the 
whole, the shallow beds result in slightly higher heat 
transfer coefficients than the deeper beds. The results 
h~ve further been illustrated by plotting the Nusselt number 
formed from the convective heat transfer coefficient and the 
particle diameter as a function of the bed temperatur~. 
These results have been represented in Figure 37. They indi-
l 
cate that the Nusselt number is only slightly affected by the 
bed temperature. The ~se of a parameter incorporating the 
bed voidage as was employed for the immersed cooling tube 
_.-
studies cf equation (41), did not result in a significant 
improvement in the correlation. 
3.3.2 The Regression Analysis 
The convective heat transfer coefficient is contained in th-e· 
particle Nusselt number. This dimensionless number is 
considered as the function of the f olll§"wing independent 
variables in a multiple regression analysis: 
(i) the ratio of the dynamic to static bed heights, 
( ii ) . t he red u c e d s t a t i c bed he lg h t , 
(iii) the temperature ratio defined as B=Tb/273~ 
(iv) the fluidization ~ndex defined as 
N=(uf-umf )/umf, 
(v) the particle Reynolds number, and 
(vi) the Archimedes number. 
The regression analysis was performed by considering the 
logarithm of the Nusselt number as the dependent variable, 
in terms of the sum of the logarithms of each of the six 
independent variables multiplied by a constant determined 
from a least squares analysis. The logarithms of all the 
parameters utilized in the regression analysis are given in 
Table G7 of Appendix G, whilst the resulting bivariate 
correlation coefficients riJ are presented in Table 4 overleaf. 
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Using all forty five points, the data is found to be correlated 
by equation (44). 
(44) 
with a ~ultiple correlation coefficient 6f 0,610. 
It is evident that with a multiple correlation coefficient of 
~ 
only 0,610, the data have not been fitted too well. From an 
analysis of the effect of each of the three independent 
var~ables on the Nusselt number, it was evident th~t each 
contributes significantly in the prediction of the Nusselt 
number. In this analysis the standard normal correlation 
coefficients v•P-re evalua+.ed as 
(refers to Ar ) = 0,269 
(refers to Re) = - 0,286 
(refers to Hst r) , = .,... 0,443 
From each of these three standard normal correlation co-
efficients it is evident that the stati.i;:: bed height has the 
\ · ... 
major influence on the prediction of t~e ~usselt number, 
-- ... 
whilst the Archimedes and Reynolds nu;b-ers have a secondary 
influence. 
In considering only those data obtained.from the deeper bed 
tests the following relationship was obtained. 
Nu -= 0,0260 Aro,sa Re~,012 Ho,033 
P st,r (45) 
with:a multiple correlation coefficient= 0,680 
The effect of the Reynolds number and the reduced static bed 
height is ea~ily shown to be insignificant with the resulting 
expression for the deeper bed being represented by equation 
( 46). 
Nu - .0,0295A,r> 0 ' 57 p (46) 
with a multiple correlation coefficient = 0,676 
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A similar analysis performed on the shallower beds utilized 
resulted in a poorer correlation of the data than that given 
by equation (44). Th~ correlation resulted in the Nusselt 
number being represented in terms of the Archimeqes and 
Reynolds numbers. 
It is therefore apparent that two relationships relating to 
different bed heights de nbt best describe the results 
• 
obtained for the heat transferred from the b~d to a peri-
pheral cooling surface. Equation (44) therefore best 
describes the heat transferred by the mechanism of con-
~ection from the b~d ta a vertical peripheral cooling surface. 
3.4 RESULTS DETAINED FRUM THE HEAT FLUX. PROBE 
The design of the heat flux probe is presented in Section B4 
of Appendix E and has been discussed in Section 2.2.7 (g). 
The probe is made up of a 38 mm diamet~r stainless steel 
·, ,.,.. .. 
cylinder with an effective height of 25 mm. This probe ·is 
mounted on top.of a system of concentric tubes forming a 
cooling jacket, which enables the probe ~o be introduced via 
the ash part. Vertical movement of the-probe enables it to 
measure the heat transfer coefficient at various levels 
within the bed. Although this will only provide information 
concerning the heat transferred from the bed to an immersed 
probe, the relat~ve value of the results will provide 
information which could be applied to other immersed surfaces. 
Originally the probe was designed to establish_ the extent-··tc:r--' -
which heat transfer from the expanded bed is effective as -
well as to monitor the nature of the heat transferred in the 
cloud zone which exists above the surface of shallow fluidized 
beds. However, the maximum depth to which the probe was able 
to extend into the bed was some 350 mm from the base of the 
bed. This proved to be too short to monitor the expansion 
of the deeper beds. Thus measurements of the effective bed 
heights were only possible for the shallower fluidized beds. 
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Two series of tests can be distinguished from measurements 
obtained from its immersion in the fluidized bed. The first 
are related to the mean value of the heat transfer co-
efficients at various levels within the bed, whilst.the 
second relate to instantaneous heat transfer coefficients 
at a particular bed height. 
3.4.l Mean Heat Transf~r Coefficients 
Mean heat transfer coefficients betwee~ the probe and the bed 
were obtained at various levels within and immediat~ly above 
the bed for the shallow bed tests 45, 47a, 47b, 47c, 47d, 
53a, 53b and 53c. The position of the probe was varied 
during test ~Oa ~~thout the detection o~ any si;nificent 
variation in the mean heat transfer coefficient. Test 50a 
represents a deep bed test. Further tests were carried out 
with the probe at a single.depth for tests 50b, 50c and 50d~ 
The results of these tests, together with some calculated 
values are contained in Table GB of Ap~endix G. 
From the table, it is evident that insufficient data have 
been obtained to derive an empirical C()!:~_!:ation for the 
heat transfer ccefficient between the bed and the immersed 
probe. In any event, the absolute value of the heat transfer 
coefficient thus obtained is not of much significance. 
Howevet the relative value of the heat ttansfer coefficient 
is of particular interest as the probe height is varied. 
The heat transfer coefficients obtained ·for the four tests 
of Run 4 7 have been plotted in F i g u re 3 8 as a function o f_~j: he ___ _ 
bed depth. Curves obtained from Tests 47a, 47b and 47c tend 
to illustrate the same general trend of a relatively constant 
heat transfer coefficient which decreases rapidly from the 
top of the expanded bed of some 180 to 200 mm. These values 
compare well with the values obtained for the expanded bed 
height from equations (32) and (33). The values obtained 
when utilizing these two equations are indicated in Figure 3B. 
However, in the case in which the bed is operated substoichio-
metrically, represented by test 47d, the heat transfer 
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coefficient tends to increase and shows a marked rise near 
the top of the expanded bed. This is explained by the more 
intense homogeneous gas combustion taking place in the very 
dispersed particulate phase existing at the top of the 
expanded bed. The heat generated by this combustion is 
more easily transferred to a cooled surface such as a probe 
or surrounding cooling surface than to the bed material 1 a$ 
the sand bed shows no variation in the tempe~ature throughout 
its height.· Indeed temperature variations ~f some 15°C 
between e~treme thermocouples were usually monitored during 
nprmal combustion, wheieas on operating as a partial gasifier 
. .- 0 
the difference detreases to below 10 C. This decrease is 
due to an increase in the temperature of the thermocouples 
a; the l~~est ~evel i, the bed indicating 8 more intense 
combustion in the region closest to the nozzles. 
A further point to note from Figure 38 is the difference 
between the bed height predicted from pressure probe readings 
(i.e. as given by equations (32) and (~~) ) and that indica-
ted by the heat transfer readings from the heat transfer 
probe. It is clear that in the norma~-combustion ca~e, the 
predicted bed height is very similar to effective heat 
····-----
trensfer hej.ght indicated by the heat transfer probe studies. 
However when operating the bed substoichiometrically, the 
heat transferred at the higher heat transfer coefficie-n-t:; 
extends some 25% beyond the expanded bed height predicted 
from the pressure probe readings. This phenomenon is 
described by the h~at transfer in the cfoud zone. Similar 
-results are obtained when plot t in g the res u 1 ts of tests 4 5~---· 
an~ 53 represented in Table GB of Appendix G. 
3.4.2 Instantaneous Heat Transfer Coefficients 
The heat transfer coefficients measured by both the heat flux 
probe and the heat flux pads vary continuous!~ during the 
tests; and as such mean values have had to be obtained. How-
ever, useful information relating to the mechanism of heat 
transfer can be established by monitoring the variation of 
the heat transfer coefficient over short time intervals. 
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The maasurement of the heat transfer coefficient in bcith 
instruments is evaluated from the mohitoring of the tempera-
ture difference between two well defined points in a solid 
material. In the case of the heat transfer probe, two 
thermocouples are used. The centre of the outer thermo-
couple is located 2 mm from the edge of the probe and hence 
the bed, whilst th~ inn~r t~ermocouple is positioned 7 ~m 
away from the outer thermocouple and 2,5 mm from the inner 
; 
cooled surface of the probe. A diagram ill~strating the 
operation of the heat transfer probe was prssented in 
Figure 22. 
The heat transfer coefficient b~tween the inner wall of the 
probe and the coolinq 11\/a.ter is very much higher than the 
external heat transfer coefficient and further, this inner 
coefficient remains relatively constant. In contrast to 
this steady internal coefficient, the external heat transfe-:r 
coefficient fluctuates rapidly with a frequency of the order 
of l Hz (142). ; 
The outer thermocouple responds very rapidly to changes in 
\ -- •. 
the heat transfer coefficient in view-of the low thermal 
inertia of the outer layer of the prob~:-- On the other 
hand, temperature fluctuations of the inner thermocouple 
are relativ~ly well damped due to the thick cylinder, -and 
temperature at this point shows only slow and small variations 
from the mean value. Figures 39 and 40 illustrate these 
temperature fluctuations as a function of time for .a shallow 
Bnd deep bed respectively. 
From observation of the two figures, it is evident ~hat both 
the frequency, and to a lesser extent, the amplitude of the 
variation of the outer temperature of the probe is greater 
in the deepe~ than in the shallower fluidized bed. In view 
of the relatively steady.temperature of the inner thermo-
couple, cf Figure 39 (a), the outer temperature provides an 
indication of the variation of the heat transfer coefficient. 
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This is evident from equation (47). 
hence 
Q = 
h 
0 
!ff 
k·Ait::ix = h -A ·M 0 0 0 
(47) 
Now the term incorporating the thermal conductivity of the 
material and the dimensions of the probe cantbe considered 
to be constant. Further, for those cas~s in which the bed 
temperature is much greater than the outer wall temperature, 
the variation in the temperature term in the denominator will 
be small. The small variation in the inner thermocouple 
temperature results in almost all of the fluctuation in the 
probe external heat transfer coefficient being accommodated 
by variations in the temperature of the out~r probe thermo-
couple. 
The fluctuations in the outer thermoco~ple temperature 
represented in rigures 39 and 40 can therefore be regarded 
as being equivalent to the nature of the fluctuation in the 
bed to probe heat transfer coefficient. ·rn view of the 
almost non-uniform nature of this fluctuation, a simplified 
analysis has been undertaken in order to analyse the data. 
The results-of this analysis are cont§ined i~ Table G9 of 
Appendix G. · 
The amplitude has been measured between-each peak and trough, 
~ncluding the minor peaks and-troughs which occur, ~hd th~ 
frequency has been taken as the reciprocaf of- the interval 
between each of these peaks and troughs. It is clear that 
the values would not be very accurate in view of it being 
difficult to establish the existence of either a peak or a 
trough in many instances. However, by taking the results 
over a period of at least two minutes, these difficulties 
are largely overcome. 
From Table G9, it is evident that the frequency of the 
variation in temperature is always larger for the deeper 
-131-
than the shallow~r beds. The amplitude of the change is not 
clearly different in either whilst the range of change between 
the maximum recorded value and the minimum value is very much 
the same for both the deeper and shallower beds investigated. 
The frequency of the variation in temperature indicates that 
the v~riation can be attributerl to the alternate moveme~t of 
bubbles and particulate phase across the heat transfer probe. 
The greater the frequency, the greater the r~sulting heat 
transfer. From Table G9 it is evident that this frequency 
alone. and not amplitude or the product of the frequency and 
amplitude result in a distinction between the heat trans-
ferred to an isolated probe for beds Of different heights. 
Taking the mean of thP..frequencies obtained from the tests 
at the two bed heights, the square root of the ratio of 
these two mean values ·yields the following 
!val v = 1, 151 (48) s 
:r't--
where va = mean frequency for tests in which 
the static bed height was 210 mm 
\ . 
.. 
\) 
= mean frequency ·.f o:r: tests in which s 
--·---
the static bed height was 13?. mm. 
-
A similar analysis was performed for the heat flux pads .by 
monitoring the fluctuation in the heat flux rate. These 
results are contained in Table GlO of Appendix G. No 
apparent distinction between the results of the deeper and 
shallower bed tests is evident from either the tabulated--~-· ___ .__ 
results or the traces, some of which have been reproduced _ 
in Figure 41 for reference. 
3.5 HEAT EXCHANGE IN THE fREEBOARD 
On leaving the fluidized bed, the gases and particulates are 
further cooled in the freeboard by the surrounding water 
jacket. The gases are assumed to leave the bed at the bed 
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Figure 41 Temperature traces of the heat flux pad 
for both the. deeper (210 mm deep)_and the 
shallower (132 mm deep) bed depths. 
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temperature and comprise the majbr source of heat input to 
the freeboard. In addition, unburnt particulates, unburnt 
volatile matter and other combustible gases may burn in the 
freeboard providing a second source of heat. This is 
particularly true in those tests in which the bed was operated 
substoichiometrically with secondary air b~ing added above 
the bed to complete the crrmbustion process. The freeboard 
therefore acts as a secondary combustion chamber in which 
the processes of heat transfer. combustion a~d the entrain-
ment of particulates takes place. Each of these three 
phenomena are inter-linked. It is prudent to.consider each 
of these parameteri separately in this chaptar, and to com-
bine them in a unifying theoretical model which is proposed 
BS an extension of Hottel's (57) single gas zone model in 
Chapter 4. 
3~5.1 Graphical Interpretation of the H.eat T~ansfe!Fed. 
in the Freeboard 
.+-
In order to correlate the results, the data have been reduced 
to a reduced firing density and a reduced furnace efficiency. 
\ ·-.,_ -
These terms are similar to those ori,ginally proposed by Hottel 
(143). The pseudo flame temperature (Tif is defined below as: 
(491 
where for the case of zero combustion above the bed 
-
ror the case in which secondary air is introduced above th.~---·_ 
bed, it is assumed that the heat liberated above the bed is 
only that required to complete the combustion process. In 
other words, for an excess air factor ' A' and a. secondary 
air fraction '5' the fraction of heat released above the bed 
is given by: 
[ fraction heat re 'leased ] _ , 1 '\ ) above bed - 8 ..,.. L .... I\ ·· 
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Or in the case of combustion due to the introduction of 
secondary air in the f~eeboard, the total heat input to 
the freeboard is given by: 
QF = m · c • ( Tb- T ) + { s ,.. ( 1 - /...) } · Q-i "b f 
., . g pg 0 t.-'i ,, (50) 
which on substituting into equation (49) yields an increased 
pseudo flame ·temperature. The furnace efficienty and the 
reduced firing density are defined as 
nf = (QF - Qg) I QF (51) 
D' QF I ( cr·GW·T; { 1 ,.., e } J (52) 
where 0 
e = T0 I TF 0 
The effective sink araa of equation (52) is a characteristic 
of the furnace. By multiplying the reduced firing densit~­
by this area, the right hand side of equation (52) is readily 
obtained from data obtained on the test rig. A complete set 
;k:. 
of results is contained in Table Gll of Appendix G. 
The results of Table Gll have been plott~d in Figure 42 
together with the characteristic curve o~ the furnace derived 
in Chapter 4. The abscissa of Figure 42 is given by the 
reduced firing density D1 for the characteristic curve_, whilst 
for the individual points the abscissa has been establi~hed 
l as the product D ~GW. Since the plot is based on loga-
rithmic co-ordinates, each of the pointq is shifted a 
distan~e log (GW) to the left to be related to the 
characteristic curve. 
3.5.2 Combustion in the Freeboard 
It is evident from Figure 42 that the data points can 
approximated by a straight line. However the slope 
be 
of 
line is much steeper than would be anticipated from. the 
characteristic curve shifted to the right a distance log 
This is due to the evaluation of the heat input given by 
the 
( GW) • 
equation (50) omitting to take into account the heat release 
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in the freeboard due to the combustion of volatiles and 
unburnt gases as well as the combustion of some of the 
particulates. This is particularly true for the higher 
gas velocities and hence higher bed ratings where the 
volatiles may leave the bed to burn in the freeboard. More 
heat will therefore be added to the freeboard at the higher 
bed ratings than at the lower ratings. Thus the low 
furnace efficiencies predicted by the data P?ints in 
Figure 42 at the higher firing densities will be increased 
somewhat mo.re than .tho.Se at the lower firing densities 
resulting in a shallow curve. The method of deriving this 
increased intensity of combustion in the freeboard is 
presented in the theoretical analysis of Chapter 4 which 
further lir V. s t h8 phen Jm£;'l a of he Cl t +.ransf er, r:: o"lll:l 1Js+, i -:rn 
and entrainment in the freeboard zone. 
A futther point to note from Figure 42 is the relative 
groupings of the data obtained from operation using the 
above bed feeder, and those when utiliifing the underbed 
feeder. It is seen that with exception of those tests 
making use of secondary air, in which t~e combustion iri the 
f reeb oard represents an appreciable cc:i_ntribu t ion of the heat. 
~··-···---·--
input to the region above the bed, the measured reduced 
furnace efficiencies are in general h~gher for the above 
bed feeder than for the underbed feeder when burning th~ 
low fines coal. This difference is clearly due only to the 
combustion taking place in the freeboard. In relating all 
the points to a characteristic curve, i{ is evident that the 
greater freeboard combustion takes place when employing 1:h_i::__. __ 
underbed feeder for burning the low fines coar~ 
This is due to only a small fraction of the low f~nes coal 
having a size which is small enough for it to be entrained 
in the gas stream without entering the bed when utilizing 
the above bed feed system. The major portion of the coal 
therefore enters the bed, and.is evenly distributed cf 
Appendix E, resulting in there being relatively few regions 
devoid of oxygen. As a consequence, the major fraction of 
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the volatile matter burns within the bed. whilst the absence 
of reducing regions results in almost no carbon monoxide 
formation for subsequent cdmbustion above the bed. In 
contrast to this, the poor mixing characteristics of the 
underbed feeder results in regions of high carbon concen-
trations occurring near the feeder whilst those a~eas away 
from the feedar are relatively devoid of combustible matter 
There is insufficient ahd result in high oxygen levels. 
it 
oxygen near the feeder to enable adequate co~bustion of the 
volatile component and as a result this is released and is 
burnt together with car.ban monoxide above the bed. 
3.6 THE COMHUSTI.ON ETFlL.LEi~Cf 
Complete combustion of coal is as~umed to have taken place 
when all of the coal is burnt ih the presenc~ of oxygen to 
form carbon dioxide, sulphur dioxide and water vapour. The 
reactions taking place during the form~tion of these products 
are all exothermic, resulting in a corresponding release of 
heat. 
The combustion efficiency of the fluidized bed combustion 
chamber can therefore be defined as the ratio of the rate of 
heat liberated to the rate of heat input. This ratio-- can 
be shown to be equal to the rate at which the coal is burnt 
to the rate of coal. fed into the rig, or: 
' nc = Mf I Mfo 
--- ~ 
Which can also be written as 
nc = 1 - h c 
where he is the unburnt carbon loss defined by a boiler 
acceptance test standard eg, BS 2885 of 1974. 
(53) 
(54) 
The rate of heat input is the rate at which the heat could be 
generated should complete combustion of the entire coal feed 
-137-
be effected .• The rate of heat liberated is less than this 
quantity as a result of 
a) incomplete combustion resulting in carbon 
monoxide formation, and 
b) unburnt carbon remaining in the ash. 
Incomplete combustion of the coal generally refers to the j 
combustion of the carbon component of the c~al to carbon 
monoxide instead of carbon dioxide which is accompanied by 
a reduction in the heat released due tb the ~mallet heat of 
formstion of carbon monoxide. Although substantial smounts 
of carbon monoxide are generated in the fluidized bed 
sec ti on C: u rir1 g c 0i.1bu s lion w i -~ h sec ord ar J c. i:r ab uve t :, e bed, 
the completion of the combustion reaction in the freeboard 
ensures that the final carbon monoxide content Qf the 
exhaust gases is low. Reference to Table Gll of Appendix G-
indica~es that for above bed feeding of coal in all but two 
tests the carbon monoxide content of th~ flue gases is less 
than 0,5%. It should be noted that these two tests repre-
sent conditions in which secondary air ~as introduced above 
the bed to enable relatively high bed ~a~in~s to be ac~ieved. 
0 n the ct he:;. ha r. d , tests undertake ;i u t i li zing the under bed 
screw feeder resulted in correspondingly higher carbon 
monoxide levels being monitored. 
However the unburnt carboM loss is significantly higher than 
the loss due to incomplete combustion referred to above, 
even when employing the underb-ed fe_eder, and as ·a consequ~n_c;:_§l __ .- .. 
only the unburnt carbon loss has been considered in 
establishing the combustion ef~iciency. 
As no provision was made during the tests for removal of bed 
material from the ash pipe, ash and bed material can only be 
removed from the test rig as a result of the entrainment 
process. The unburnt .carbon loss is.therefore limited to 
the carbon entrained in the off gases. The proportion of 
carbon contained in the ash collected by iscikinetic sampling 
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can be utilized.in order to determine the unburnt carbon 
loss. In fact, this represents the entire unburnt carbon 
loss and the combustion efficiency can be determinerl 
directly from it as given by equation (54). 
3.6.1 Methods .of Evaluating the Corobustion EfficienEV . 
If the loss due to incomplete c6mbustion is small compared 
to the unburnt carbon loss, and further, .if this unbu~nt 
carbon loss can be considered to be due only to the unburnt 
carbon in the entrained ash, then the combustion efficiency 
may be determined by one of two methods: 
a) by means of a heat balance, or 
b) by determination of the carbon. loss from 
the unburnt carbon in the entrained ash. 
The heat balance method relies on the measurement of a number 
of different parameters and in particular, the coal flow rate. 
-~·· 
In view of coal feeding difficulties the required degree of 
accuracy in the measDrement of the coal flow rate cannot be 
attained. Therefore the combustion efficiency has been 
determined by the second method; i.e. the determin~tion 
of the carbon loss from the unburnt carbon in the entrained 
ash. This-loss can be shown to be related to the carbon 
content of the entrained ash by equation (55). 
h 
c 
c 
c 
1 ,... c 
c 
33 820 
·a- GCV (55) 
Dr the combustion efficiency can be determined in terms of~-~-­
the carbon content of the entrained ash and the ash content 
and calorific value of the coal i~e. 
= f( GCV,,a,c ) 
c 
(56) 
From equation (56) it is clear that the combustion efficiency 
is inde¢endent of the direct m~asurement of any of the main 
operating variables during each ind~vidual test. Provided 
a representative ash sample is analysed, an~ that the main 
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operating variables remain within acceptable limits, a good 
assessment of the combustion efficiency as defined by equation 
(56} can be obtained. The' resulting values are contained in 
Table Gll of Appendix G. 
3.6.2 Test Results 
The results of the combustion and gasification (i.e. when the 
bed is operated sub-stoichiometrically) tests !are illustrated 
in Figure 43 ~n which ths carbon loss has been plotted against 
the heat liberated in the test rig per unit of bed plan area. 
During the tests refBrred to as gasification tests, the bed is 
operated sub-stoichiometrically, whilst secondary air is 
introduced via the secondary air nozzle to promote a secondary 
combustion reaction above the bed. In the data points of 
Figure 43 which reft·r to secondary air operation, this secondary 
air flow rate represented about 30% of the total air flow. 
Referring to Figure 43 it is evident that no tr~nd can be 
;;.. 
established for the tests conducted with the underbed coal 
feeder. The two tests for which the carbon loss was less 
than 20% were conducted at excess air le0~ls of 41% and 78% 
:for the lower and higher bed ratings ~espectively. The 
remaining underbed feeding tests represented in Figure 43 were 
conducted at -excess air levels between 16% and 25%. A. further 
point to note with the underbed feeding tests is the hig~ carbon 
loss when operating the bed sub-stoichiometrically. It is 
evident that under these conditions only ~ small amount of 
carbon is burnt in the seconda:i;_y combustion zone· ~bove the 
bed. 
The results when using the overbed feeder and pneumatic ' 
' 
spreader are also included in Figure 43. Here, all but 
one of the tests were conducted at excess air lev~ls between 
16% and 25%, and a trend can be distinguished for the 
shallower of the two bed heights employed. The carbon loss 
tends to decrease as the bed rating increases. This is due 
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to an increase in bed rating being accompanied by a simul-
taneous increase in velocity and bed temperature. Clearly 
the effect of the improved combustion efficiency at higher 
temperatures is greater than the decrease caused by the 
higher entrainment rates associated with increases in 
velocity. Gasification once again results in increased 
carbon losses. However, the increase is of the order of 
2% which would indicate that a substantial amount of heat 
. I . 
is liberated as a result of combustion taking place above 
the bed. 
The tests conducted with a bed having a static bed depth of 
some 230 mm with the overbed feed system does not yield the 
same defined tr8nd 88 ths u~allow bed. This jn pari~ally 
due to the lack of sufficient data points and partially due 
to the expanded bed covering the feeder discharge aperture. 
The expanded bed height of these deeper beds exceeded 400 mm 
which clearly from Figure 11 submerges the pneumatic spreader. 
However, the pneumatic air stream did 2fppear to result in 
improved distribution over that when operating with the. 
underbed screw feeder since low excess ~ir levels could be 
achieved without resulting in high lsvels of carbon monoxide 
in the exhaust gasss. O~ interest are the high bed ratings 
which were achieved with the fluidized bed operating sub-
stoichiometrically and with the combustion process being 
completed above the bed. 
Unlike the previous work into combustion (75}, or as with 
the heat transfer studies of this thesis a correlation 
relating the combustion efficiency to the operating para-
meters has not been possible. This is due to the incxe~se in 
the number of variables introduced such as the different 
types of coal feed systems employed, the variation in the 
fines con_:tent of the coal, the extractiOn of heat, operation 
at low excess air levels, and so on. However, it is evident 
that a larger proportion of heat is released above the bed 
during underbed feeding due. to the poor distribution 
characteristics of the screw feeder cf Figure 42 and Section 
. ·.· 
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3.5.2 whilst the.improved distribution of the above bed feeder 
results in improved combustion efficiencies. 
3.7 THE ENTRAINMENT OF PAR~ICULATES 
Particles are entrained from the combustor vessel of the 
fluidized bed combustion rig and sampled isokinetically ·in 
the 600 ~m diameter duct at the end of the combustor vessel 
cf Figure 21. The collected ash was graded and the carbon 
content of specifi~ size fractions as well as for the sample 
as a whule were measured. The results of the grading analyses 
are presented in Table Gl2 of Appendix G. 
All the ash gradings of Table Gl2 can be represented by three 
distinct bands as illustrated in Figure 44. These bcinds dem0n-
strate that the grading of the resulting ash is affected by the 
fuel feed system, i.e. whether the above bed or underbed coal 
feeder is utilized, and further whether the duff coal or low 
fines coal is burnt. Included in Table Gl2 are the mass frac-
;· ·;;.. . 
tions of material which ~ould be collected in the size intervals: 
greater than 300 micro~s 
from 150 to 300 microns 
~ -- -· 
from 75 to 150 microns 
and less than 75 microns. 
The results can be approximated by the mean size grading 
curves for each of the bands as represented in Table 5. 
TABLE 5 Representative Size Gradings for each 
of the Bands Illustrated in F i-gure 44_ 
Material Contained in Interval 
Size 
Interval Duff Coal Low Fines Coal 
(microns) Underbed Overbed Underbed Feed % Feed 'fa Feed 'fa 
300. 0 21 3_2 
150 to 300 21 22 26 
75 to 150 31 15 14 
75 48 42 28 
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It is evident from both Table 5 and Figure 44, that the cdm-
bustion of the duff coal leads to the finest ash size grading. 
Further the form of the curve obtained when burning this coal 
is diffetent ta that obtained when burning the low fines coal 
utilizing either of the twd coal feed systems. Clearly the 
grading of the incoming fuel causes this change. Examining_ 
the fuel gradings a~ represehted in Figure Cl of Appendix~, 
it is seen that whilst less .than 10% of the low fines coal 
; 
is of a size of less than 1 mm, more than 50% of the duff 
coal passes through a 1 mm sieve. In addition, 29,5% of 
the duff cbal is of size less than 420 microns and would 
therefore be readily entrained from the fluidized bed. The 
resulting size grading of the minus 420 micron size fraction 
nf the duff coal has been drawn on Figure 44. It is seen 
that this grading curve is somewhat similar to the band 
obtained for the resulting ash when burning the duff coal. 
It is clear, that when burning the duff coal, a large pro-
portion of the fuel leaves the bed afte~ releasing only a 
very small proportion of the energy associated with it. 
Considering the ash gradings obtained when burning the low 
fines coal by introducing the fuel by -either the overbed or 
underbed coal feed system, it is seen ~h~i though the curves 
are of· similar shape, the resulting particulates obtained 
-
from overbe~ feeding' are significantly smaller than those 
obtained when utilizing the underbed screw feeder. 
This difference is explained by the comb~nation of the initial 
£uel size grading and the better distribution charact~ristics 
of the above bed· pneumatic feed system. _ Com·fidering the 
grading of the fuel, with only 3,3% of size less than 420 
microns, almost all of the fuel enters the bed even when 
utilizing the above bed feed system. Whereas the pneumatic 
spreading of the coal leads to a uniform coneentration of the 
fuel ovei the width of the combustor cf Appendix E, the 
underbed screw feeder. results in an increased concentration. 
of fuel in the area.immediately adjacent to the coal.feeder. 
An inadequate supply of oxygen in this region results in a 
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decrease in the combustion rate and consequently a decrease 
in the particle shrinkag~. Therefore a larger concentration 
of larger particles are present in the inert bed material 
when utilizing the screw feeder than when employing the above 
bed feed system. Although these particles are concentrated 
in a reduced area when using the screw"feeder, the ratio of 
the bed weight in this region to the effective entrainment 
area remains the same for both feed systems. 
equation (5) reproduced below: 
1 dm. 
-·~ 
A dT 
mi 
= K'-· 
M 
Considering 
(5) 
it J.S ',. th , evident that for the .i. size fraction, the rate of 
removal of material in this size fraction is dependent on 
I 
the mass 'm.' of this size fraction contained in the bed. 
i. . 1 
Clearly the entrainment rate constant K for a particular 
set of operating conditions is independent of the fuel feed 
system, and therefore the higher concentrations of the 
larger size fractions associated with th~ underbed feeder 
lead to coarser ash gradings. 
\ 
., 
A further consequence is the high carbon.content of the 
coarse ash fraction and the low carbon content of the minus 
75 micron fraction as illustrated in Table Gl2 of Appendix G. 
Clearly better combustion efficiencies are anticipated with 
the coal feed system resulting in a finer ash. This is true 
with the low fines coal, however, the high proportion of fines 
in the duff coal results in the production of a relatively 
fine ash with a higher carbon content. 
-
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CHAPTER 4 
THEORETICAL MODEL 
The extension of results obtained from an experimental or pilot 
plant for use in large scale equipment or even the comparison 
of results from o~e particular arrangement to funother requires 
the formulation bf a model tu describe the process. Models 
are particularly useful in establishing the effect of individual 
parameters on the over~ll system whils.t they can further be 
utilized in a description of the mechanism of the particular 
oro~ess. Howevei the combu~tion of solid fuels within and 
above a shallow fluidized bed and the subsequent transfer of 
heat to cooling-surfaces represents a complex system which is 
difficult to describe.analytically in view of the large numbe__:c 
of unknown parameters. Indeed, when considering the combustion 
phenomenon alone, Pyle (69) reports that;rnodels are quite often 
qualitative or at best semi-quantitative, whilst when some form 
of correlation is required to predict th~ performance in some 
other situation, the model may be empirical~ 
. ·- - "·--· --
The theoretical analysis pertaining to the description of the 
shallow fluidized bed coal-fired fluidized bed combustor 
furnace has therefore been divided into three main sections. 
The first describes the heat transfer and combustion in the 
freeboerd. A comprehensive model is present~d based on the 
zo_ne method of analysis (55) and is extended ta a __ simplifie9 
analysis from which a characteristic equation is developed--ar1cr~-­
presented to explain the heat transfer phenomenon occurring 
in the freeboard region above a shallow fluidized bed. The 
simplified analysis is further utilized as a means of estab-
lishing the combustion in the freeboard from the results 
obtained in Chapter 3. A-description of the mechanism of 
the heat transfer to surfaces contained within the bed is -
presented in.the.sec~nd section. In particular, the.packet 
theory of Mickley and Fairbanks (31) with the introduction of 
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a contact resistance asi empl?yed by Baskakov (34) is e~tended 
to formulate a description of the mechanism of the convective 
component of the heat transfer from a fluidized bed to an 
immersed surface. Finally an explanation of both combustion 
and entrainment is presented based largely on previous work 
(75) performed on a 300 mm diameter combustor. 
4.1 HEAT .TRANS.FER AND COMBUSTION IN THE FREEBOARD 
The freeboard region above the fluidized bed forms the second 
component of the shallow fluidized bed combustor furnace. This 
region can therefore be considered as a separate furnace deriving 
its heat input from the hot gases leaving the fluidized bed at 
the bed temperature as well as from the combustion of gases and 
particulates abov~ the fluidized Jed. The enclosing water 
cooled walls of the furnace present an effective heat sihk fo~ 
cooling the gases whilst the upper surface of the fluidized 
bed forms a- further heat.source transfer:s~ng heat to the volume 
of gas in the r~gion above as well as. to the enclosing walls 
after partial heat absorption by the gas. These basic 
processes occurring in a fluidized bed combustor furnace have 
been illustrated in Figure 1. 
4.1.l The Zone Method of Analysis 
The different methods of furnace analysis have been discussed 
in Section 1.3.2.. The symmetry of the vertical flue fluidized 
bed test facility, however, lends itself to the application_of 
the zone method of analysis ~s orig in ally presented by Hotfi~1--.-·· 
and Cohen (55). The method has further been developed by 
Hottel and Sarofim (56) and the nomenclature devised by these 
Buthors to describe the radiant heat transfer has been adopted. 
Prior to the development of the zone method of analysis a 
description of the fundamental processes is described. 
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a) A Description of the Fundamental Radiative 
Heat Transfer Relationships 
Although much of the information presented in this sub-sectidn is 
fundamental to radiative heat transfer it is useful to present 
these concepts with a view to obtaining a clear understanding 
of the final model. The enclosing surf ace and upper surface 
of the bed have been assumed to behave as grey bodies, i.e. 
they absorb and emit radiation monochromatically. Therefore 
the total absorptivity-and hence the total emissivity will be 
independent of the spectral energy distribution of the incident 
radiation. This enables the emissivity to be used iri substitu-
tion for the absorptivity ev~n thciugh th~ emitted and absorbed 
radiation does not take place at the same temperatures. Although 
the body of gas may be considered to be grey for most of the 
relationships1 an allowance has been made to enable a difference 
in the absorbed and emitted radiation to-~e made where these 
take place at different temperature levels. 
The direct radiative exchange between a pair. of surfaces A~ and 
..... _ 
Aj separated by a non-absorbing or reflect~ng medium can be 
represented by 
Q. • 
-· 
Q. • = ~i~j ... s.s.-cr-( T~ .,.._ T~) 1--J ·J-1- 1- J 1- J 
where s:s. is the direct radiative exchange area. In the event 7,, J 
of radiative exchange being between two black bodies, the 
/ 
direct radiative exchange area is simply the product of one 
of the areas a~d the form factor as described in other texts. 
However this approach will 4lot be adopted in this thesis. 
Should reflection from other surfaces contribute to the trans.-
port of radiant· energy to surface Aj originati~g from Ai, then 
the use of a simple direct radiative exchange area is no longer 
valid. The radiative heat transf~r between two surfaces can 
howev~r be-similarly represented by defining the totai exchange 
area s .s. such that 
1-"J 
Q • • J-f., 
-- 4 ~ 4 S .s . ·a· T • "'.'."- S .S • ·a· T • 
1-J 1- J1- J 
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but since each surface is assumed to be grey with its greyness 
independent of temperature, we can write 
= S .S . · cr • ( T~ - T~ ) 1.-J '/, J 
However, in order.to evaluate the total exchange areas, the 
radiation from each surface must now be considered as the.sum 
of the emitted radiation and the reflected radiation. 
illustrated in Figure 45. 
Figure 45 
·;;; .. 
RadiaAt flux densities 
at a surface element. 
This is 
: ---
From Figure 45 it is seen that the leaving flux density, W, is 
composed of two parts. The first includes the black bdd¥ 
emiss ive power, E, (or E=trT 4 ) and the reflected flux density R 
which is due to partial reflection of the incident flux density H. 
From Figure 45 it is evident that 
w = 
= 
€·E + R 
e:·E + p·H 
From equation (57), Hottel and Sarofim (56, p 75} derive the 
integral equation.of-radiative-exchange for the total incident 
flux density arriving at surface Aj as : 
(5?a) 
C5?bJ 
-v1 • .,.. e:.·E. ·1 .a 2 s.s . 
. J J J = . w • 1, J • dA C.58) 
P. i 'OA .-(M. i · 
J A. 1- J 
'/, 
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For a system of finite areas or zones, equation (58) becomes 
W. - £ .·E. 
A .• J J J 
J pj = , E w .. S:S. i 1, 1, J (59) 
F or a system of ' n ' z one s , 1 n 1 e q u at ions s u ch as that given by 
equation (59) may then be solved simultaneously for the· 'n' 
leaving flux densities i.e. the Wi's. In order to do this, 
equation (59) is written in the more convenient form giv~n by 
equation ( 60) 
where 
~ r s:s. - o .. ·A. Ip. J·w. i 1, J - 'l..J J .1 'Z- = 
A. e: •. 
J J ·E. 
p. J 
J 
o .. is the Kronecker delta and is defined as • 
1,J 
0 •• 
'l..J 
c5 •• 
'l..J 
= 0 
1 
if i :;, j 
if i = j 
(60) 
Once equation·(60) has been solved for the leaving flux densities 
(Wi's) the total exchange areas can be C!Eftermined from equation 
(61) 
s.s. 
1- J = 
,,- . 
. ( .w. I E • - 0 •.. e: • -) J'l J __ 'l-J J. (61) 
Now in a furnace system, which is made up of a number of surface 
zones, enclosing a number of gas zones, the radiative properties 
and in particular the absorption and emittance of the gas body 
have to be considered in evaluating the surface l~aving flux 
densities. 
In a similar manner, total gas-to-surface,· and total gas-to-gas. --
exchange areas may be defined. Th~ system of 1 n 1 simultaneous 
equations represented by equation (60) then becomes 
4 ( s .s . - 0 ... A • I. p .) . w. i 1, J 'l..J J J 1, = 
A •• e: • 
J J.E. 
p. J 
J 
where only a single gas zone has been considered. For_ a 
system made up of ~ number of gas zones, equation (62) 
(62) 
•;' 
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becomes (56 p. 369) 
}.; 1 s .s . - 0 ... A.; I P.; ) . w. = .... 
• '/,, J 1,,J u u '/,, 
'/,, 
A •• £. 
J J -p ·E • - ~ g .s. ·E • 
• S,J • 1,, J g,1,, J 1,, 
(63) 
Equations (62) and (63).have employed. the use. of direct gas-to-
surface (gs) and gas-to~gas (gg) exchange areas. These exchange 
areas are dependent upon both the relative orientation of the 
surf ace and gas zones as well as on the gas absorption co-
efficient. 
In general, the gas temperatures are unknown, whilst ~ome or 
all of the surface temperatures m~y be known. The problem is 
solved by combining the radiative interchange with an energy 
balance on each volume element which results in the unknown 
temperatures being evaluated. Equation (63).can be solverl 
for the leaving flux den~ities (Wi's) from which the relevant 
gas and surface total exchange areas (55's, GS's and GG's) can 
be evaluated. Once the ~elevant temperatures and exchange 
areas have been evaluated, an energy balance on each surface 
·, 
element yields the total heat transferred at e~ch of these 
surface zones. 
However, prior to evaluating these energy balances means must 
be obtained for describing the gas absorption coefficients as 
well as the definition of the effective radiat~ng gas volume. 
/ 
b) The Radiative Pro~erties of the Enclosed Gas 
"""" The emissivity of a real gas containing substantial amounts of 
water vapour and carbon dioxide is usually represented by a 
grey gas model ma~e.up of.on~ clear gas and a numbe~ of grey 
. \ 
gas components (56), (59),. (62), .(143) •. The rriethod represents 
an exponential ~urve fitting technique .. with the number of.grey. 
gas components being dependent.upon the optical thickness, i~e. 
the product.of the partial pressure and mean beam length (p~L ). 
The emissivity is. also dependent upon the temperature. of. the. gas 
and the ratio of water vapou~ to carbon dioxide partial pressures 
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Almost all of the overall performance test 
results have been obtained when burning the coal in an air 
dried condition. Assuming a surface moisture content of 
2,5%, the combustion of both the duff and the low fines coal 
result in a low PwlPc ratio of about 0,5. In zoning the test 
facility the maximum path length will not be greater than. 1,0: .. m 
and the resulting product of the total partial pressure and.ths 
mean b~am le~gth will not exceed a value of about 0,2 m.atm. 
A one clear and two grey.gas model was found to adequately 
represent the gas em~ssivity over the temperature, partial 
pressures and mean beam lengths anticipated. The derivation 
of the compound grey gas model from the emissivity charts 
originally ~resentad by _Hottel (58) is present£d ir A~pe,dix H 
I 
ahd is represented by equation (64). 
where 
3 
= l: 
i=l 
a . ( 1 ,.. exp { - k . • ( p + p ) • L } g,1., ·. . 1., UJ -c 
a . = b . + b1 • t g,t. 0,1., ,1., g 
) (64) 
(65) 
for which Table 6 is presented for deter~i~ing the coefficient 
cif equations 64 and 65. 
TABLE 6 
i 
l 
2 
3 
Table of coefficients for the determination 
of the gas emissivity represented as a 
compound grey gas model 
-· 
bo 
--
bl ·gas -
absGrption 
coefficient 
( k) .. 
l/(atm.m) l/°C 
.. 
- . 
o,oo 0' 41_7_ . D,168.l0"'."'3 
1,405 0' 4_16 "'."'o, 10_2 .10""" 3 
22,49 0,167 -0,0664.10 -3 
-
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From equations (64) and (65) it is seen that the temperature 
dependence of the gas emissivity is accommodated by the 
weighting factors, ai, whilst the gas absorption coefficients 
are assumed to be constant. This is particularly useful when 
applying the zone method of analysis, as the total exchange 
areas need be determined only once, i.e. for the specific 
absorption coefficient. This results in a considerable 
reduction in computing time. 
c) Characterization of the Par~iculates 
The greater proportion of the ash and the unburned carbon is 
entrained in the gases leaving the bed, with a small fraction 
accumulating in ·che fluiJized ted. IsckinB~ic sampling foI 
particulates in the flue gases indicated that at all times 
the entrained ash represents over 90% of the total-ash flow 
with only a very small fraction remaining in the bad. Th~--
radiative contribution of this dispersed cloud of solids can. 
be significant. The formation of soot f"s assumed to be low, 
and hence only radiation from the entrained particulates is 
considered. These particles can be reg~rded as grey radiatots 
(59) (61, ch. 3), (62) with an absorption ~oefficient given in 
terras of the µaiticle size and concentration by equa~ion (66). 
k = 1. c-. s p 4 p p {66) 
In addition to the absorption coefficient, allowance can be 
made for the ability of the particle to scatter radiation. 
However this complication has not been included in the 
ra-diative model developed in this thesis. Therefore an 
absorption coefficient for the cloud of particles can be 
evaluated from a knowledge of the particle concentration in 
the flue gas and the mean har~onic diameter.obtained from the 
particle size analysis~ It is normal to assume that the 
radiation from these.particulates can be approximated by a. 
three grey-gas model, .and. further that. the weighting.factors 
employed. for the gas radiation model apply for particulate 
radiation. 
\ 
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Therefcire the emissivity of a cloud of particles can be written 
as: 
£ = p l: a • ( t ) · { 1 .,.... exp· { . p, 1, g 1, 
and assuming 
a . = a . 
i p,1, g,i, 
k : L } 
. p, 1, ) (67) 
then the combined emissivity of a gas-particµlate system is 
given by 
·s 
£ = E ( b . + b1 •• t ) · { 1 - exp {' K •• L } J {68) g,p i=l 0,1, ,-z, g 1, 
where 
K,,. = k • + k • • (p + p ) 
" p,'Z- g,i- w -a (69) 
Equ~tions (68) and (69) model the flue gas emissivity of the 
resulting gas and particulate system in the freeboard of a 
fluidized bed combustor burning the duff or low fines coal 
having the analyses presented in Appendix C. The effect of 
introducing an absorption coefficient fo~- the particulates by 
addition to the gas absorption coefficient results in the 
one-clear-gas two-grey-gas model being replaced by a three-grey-
gas. model. Thus the radiation 'window-' afforded by- the. clear 
gas~i.e. one ir which the absorption coefficient is zero, no 
longer exists. 
d) Formulation of the Gas and Surface Zones 
The fr~eboard area of the fluidized bed combustion test rig has 
been divided into nine ~urface zones and seven gas· zones as_ 
------
represented in Figure 46. The seven gas zones-are formed as 
cylinders having a height of 500 mm and a diameter of 1 000 ~m. 
Each of these in turn-is surrounded by a cylindrical surface 
zone of similar dimensions~ The-upper surface of the fluidized 
bed forms one.boundary of the freeboard. and has been modelled 
as a flat .circular surface.zone having an.emissivity of 0,85 
cf Section. 3. 2 .1 whilst .. the. conical surface at. the .. upper end 
of. the .. flue.is considered as a similar flat water.cooled_ 
surface of l 000 mm diameter. 
'-------
The water cooled surfaces 
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enclosing the gas zones are assumed to have an emissivity of 
0,70 (58). Tables H3, H4 and HS contain the direct exchange 
factors, i.e. assuming a non absorbin~ medium within the 
freeboard, whilst Tables H6, H7 and HB contain the total 
-1 
exchange factors for an absorptibn coefficient of 0,5 m . 
e) The Eriergy .Balance 
In the furnace. defined by Figure 46, all the s~rface zone 
temperatures are specified and the gas zone temperatures and 
heat transfer rates at the surface zones have to be predicted • 
.. 
This requires the solution of the energy balance over each of 
the seven gas volume zones. A total energy balance over the 
s~~en volum2 zones is then rE~wired w~i~h results in an iterative 
procedure having to be employed to evaluate the gas temperatures 
in each of the volume zcines. The energy balance on the i th 
gas zone can be represented by equation (70). 
[h~~~if~~~ ] th~: if!~~ ] f de~:!ase] [: h*riat ] [;~: ] [ c~~~=c-1 all gas zns + all surface + ~n sens~ + re~ease = iated + ht _Zoss 
· to gas · zns to gas i.b le ht i.n from i.n · 
zone i zone i in gas zone i zn i zone i . 
(70) 
Which for the i th gas zone can be represen~ed by : 
? 9 
~ 4 -.- 4 E G .G . ·a· T . + E S ·.G . ·a ·T . + m -;- c ~ (T) · ( T . - T . ) j=l J 'l- g,J j=l J 'l- S,J g p g,i.+1 g,i.-1 
3 
+ Qz "b · = E 4 a {T)·K ·V.·O·T4 • + h.·A.· ( T .- T .) 
i. ,i. n=l g,n n i. g,i. i. i. g,i. s,i. 
(11) 
Seven simultaneous equations representing the seven heat 
·,;. 
. ·~ .. 
' ... ·, 
. ~ .·. . :_ 
balances each similar to equation ( 71) can be farmed. By------· 
evaluating the various known quantities, and grouping the 
required unknown temperatures a system of equations represented 
in matrix format as equation (72) is formed. 
all a12 al? T4 bll b12 ' t ... bl? T 1 cl 
,;1 
a21 a22 .... a27 b21 b22 821 
Tg 
c2 g2 ... ' g2 
+ .. .. + ::. 0 (72) 
4 • . 
a?l a72 a?? Tg? b?l b?2 t • ' ' b?? Tg? C7 
GZ = gas zone 
SZ = surface 
zone 
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sz 9 
\ I 
GZ 7 
sza ~----i---·--- ---
GZ6 
SZ7 
L-------------
GZ 5 
SZ6 
'---·-·---! 
-. I GZ 4 szs 
~------1-----·- -
I GZ 3 SZ4 
~--1 ·-· 
GZ 2 
. 
SZ3 
,__ _ - ___ , _____ 
I GZ 1 sz 2 
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. ifeuidt Bed I 
sz 1-1 .,.,- · I 
. L _____ ~ ___ J 
J. rnoo .I 
-
0 
0 
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0 
0 
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0 
0 
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0 
0 0 0 Ill Ill M Qi 
~ 
-
0 
0 
Ill 
0 
0 
Ill 
0 
0 
!II 
' 
Figure 46 Diagram to illustrate the zoning of the freeboard 
zone of the 1000 mm diameter test rig into nine 
surface and seven gas zones. 
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Each of the terms of the coefficients t · · ma rices i.e. a11 , b53 , 
c7 and so on, have no real physical significa~ce but consist 
of the relevant total exchange areas, convective heat transfer 
coefficients etc. pertaining to the particular operating 
conditions. 
Once the gas tempe~atures have been evaluated, a heat balance 
is performed on each of the su~face zones to evaluate the net 
'.! 
heat flo~. . In a similar manner to that used for determining 
the heat.balance over the gas zone, the heat balance over the 
surface zone i can be represented by : 
radiated l 
. heat from 
au gas znsj + 
to surface · 
zone i 
radiated 
heat from 
all su:fface 
zns to surf 
zone i 
+ 
heat 
absorpn by 
convect·lon 
to 
zone i 
heat l 
radiatedj 
fr·om J = 
surface 
zone i · 
which for the i th surface zone can be iepresented by 
7 
L 
j=l 
__.___,.. It G .S. ·a·T . + 
J i. g.,J 
- .It S.S.·a·T . + h.·A.·;t T . ..,.. T .) J t. S.,J t. i. g.,i. . s.,i. 
- A • e: • • a · T 1t • = ,Q • 
··~ i. s.,i. ·s.,i. 
f) Design of the C.ornputer Programme 
net heat~ 
absorbed · 
. b surf;c~ J, 
· ZC.'le t. 
. (cgJ. 
(74) 
. The heat transfer and comtlus ti on 1.1odel f uL the f re et oa:=d is 
based on the zo~e method of analysi~ with seven gas zones and 
nine surface zones. Although resort has to be made to a -high 
speed computer, the storage and calculation requirements are 
fairly moderate and therefore the use of~ a~al~:d~sk:top 
computer with a 16 K memory was utilized rather than th~· 
larger UNIVAC computer at the university. .However in view_-:_g_f __ _ 
the fairly large m~trix requirements and d~ta manipulation, the. -
core space of the smaller machine was rapidly consumed and 
chaining or-the. programmes had to be adopted... A total of 
ten chained programmes had to be. employed in which the-relevant 
programmes contained on a tape are .sequentially introduced and 
deleted .. with only.those details required for further use being 
retained.in the memory. This results in a. rather cumbersome 
system-in which the tape is continually being loaded and 
. rewound. However the easier access to and use of the smaller 
' ,-... 
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machine outweighed the simpler programming techniques which 
could have been employed on the larger computer. 
A summary of the basic chained computer modules is illustrated 
in Figure 47. Direct and total exchange areas are determined 
for two absorption coefficients defined by the three-grey-gas 
model utilized for evaluating the gas e~issivity. The third 
absorption coefficient is so lar~e that the radiation can be 
considered to take place as a diffusion process as the optical 
thickness i.e. the product of the absorption coefficient and the 
mean beam length of the zone exceeds 3,0 (56 p. 356). With this 
optically dense component of the three-grey-ga~ model, total 
exchange areas need not be evaluated as the radiation exchange 
t 3k:;s placE· betwegn adj a::3'lt zone~ ·A·i thin a srrall J.ayf'r cnmrio~ 
to the two zones. 
From Figure 47 it is seen that the first six chained module~~re 
utilized for evaluating the exchange areas associated with the 
smaller two absorption coefficients. ''.j;he advantage of accommo-
dat~ng the temperature dependence of the emissivity in .the 
weighting factors rather than i~ the absorption coefficients 
is evident from the large computationa~ effort required in 
evalijating the exchange areas for the absorption coefficients. 
Once these have been d~termined, the first six modules need not 
-
be ascessed again, unless changes in the absorption c6~f~icients 
are envisaged. Referring to Figure 47 it is seen that the input 
m~nipulation, the heat balance and iterative procedure, and output 
manipulation are contained in the following three modules whilst 
t-he overall control of the entire suite of programmes is c:_:i~_!:_aine~ 
in the final programme module. 
The flo1r14iagram of the entire suite· of programmes is presented 
in Figure 48. Details of the general calculations undertaken are 
presented in Appendix D, whilst more details relating specifically 
to the combustion and radiation are included in Appendix H. 
Referring to Figure 48, it is seen that in the preliminary 
programme module the geometry of the furnace is defined. Gas 
• 
MODULE l 
MODULE 2 
MODULE 3 
MODULE 4 
MODULE 5 
MODULE 6 
MODULE 7 
MODULE B 
MODULE 9 
MODULE 10. 
Figure 47 
------...--.. -· _,.._._..._...,... ______ -----
I 
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Data for Evaluation of the direct 
Exchange areas 
Read absorption coefficients and 
mean beam lengths K 1B, K2B 
Evaluate direct exchange areas 
( SiS j, ;;-:- . -.- ) f' ~ the "'l.gJ' gl.gj .o ... 
first gas component. 
Evaluate direct exchange areas 
(sisj, sigj, gigj) for 
second gas component. 
-
Form total exchange areas. 
(Sis., 5i[.., GiG.) for J J J 
first gas component. 
J. Perform checks on the total exchange areas. 
.. 
Form total exchanqe areas 
(SiS., SiGj, GiGj) for J 
second gas com,:ionent. 
Perform checks o~l 
total exchange a
Input Data 
Read Input Data 
The Energy Balance 
Heat Transfer to Surfaces 
Output 
.• 
Controlling Programme i-----~ 
Diagram to illustrate the chaining of the programmes 
to enable the above bed heat transfer and combustion 
model to be performed on a computer with a small 
memory core. , 
'· 
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properties have been evaluated. for the gas composition which 
would arise from the combustion of the coal when burning with 
25% excess air. The resulting gas components are contained 
in Table Ill of Appendix D. The flue gas properties have been 
approximated. by .~econd order polynomials for a range in 
0 0 te~perature from 400 _C to 1400 C. The polynomials are all 
in a· farm given by equation (75) which refers to the mean 
specific heat of the gas 
(75) 
The direct interchange areas for cylindrical enclosures _have 
been tabulated as a function of the optical thickness (56, ~h 7). 
These relationships have been approx~mated by a combined 
expu.1ential, a;-1 d p olyno.ri::_al curve f i tt ir g ter:hni;ue to ~1ield 
a direct exchange area in the form of equation (76) which is 
based on a least square~ analysis 
( s .s. 
i. J I B2 ) = exp { a + b·(KB) + c·(KB)
2 } {76a) 
( g.g. I {KB) 2 ·132 ) ·= exp { a + b ·(KB) + G;,.~CKB) 2 } (76b) 
i. J 
( g .s. I KB ·B2 ) = exp { a + b ·(KB) + c ·(KBJ 2 } (76c) 
i. J \ 
·-\~ 
--.. \ 
Thirty six relationship3 iimilar to the equations represented 
above had to be generated to define the direct exchange areas. 
On supplying the three absorption coefficients as input ~~ta, 
the total exchange areas can be established from equation (61) 
for each of the two smaller coefficients and by considering the 
radiation to take place by diffusion for the substantially 
laTger third absorption coefficient. The three total exchange 
- --~-~~-' 
areas are then combined in accordance with the weighting factors_ 
given in Table 6 to establish ~he.gas emissivity at the parti-
cular temperature. 
A shortcoming of the procedure lies in the system not taking 
into account local. variations in the absorption coefficient. 
However, a higher absorption coefficient immediately above the 
bed should exist in view of the higher concentration of particles 
in this region. Stott and Garrod (144) used varying radiation 
intensities to overcome this, whilst Johnston and Beer (145) 
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suggest that the emissivity weighting facto~s {agi) could be 
adjusted. Hottel and 5arofim (56, p 374) proposed the use of 
an average absorption coefficient based on the attenuation 
between zones and embodying the respective direct exchange 
are~s and allowihg- for the absorption cdefficients in the 
emitting.and absorbing zones. In 0iew of the absorption co-
efficient differing in the first gas zone only, it was d~cided 
to allow-for this variation by adjustments to ~he resulting 
gas emis~ivity.in a manner similar to that proposed by Johnston 
and Beer (145). 
Once the total exchahge factors have been evalu~ted th~ remain-
ing input data is supplied. In Appendix D, a relationship has 
been derived bet~a8n the h83t liberated in the b8d 3~d t~e 
superficial gas velocity and gas density. For the duff and 
low fines coal this relationship can be represented by 
equation ( 77). 
Q7,ib,b = ;,; .. l??l 
As the density of the gas is directly related to the bed 
temperature, it is evident that the heat :·1i~erated in the 
bed i-s dependent upon the superficial -gas Y._e_loci ty, the bed 
temperature an~ t~e excess air factcr. 
/ 
T~us by specifying 
these three parameters, the output of the furnace can be 
determined. 
Different conditions can therefore be specified by varying the 
superficial gas velocity and the bed temperature for constant 
excess air conditions. These two parameter_s have therefo:r;:__e _______ _ 
been included in two loops in the programme to enable comple~e 
fur_nace performance details to be evaiuated under the different 
bed operating.conditions. In particular various gas 
emissivities can be provided as input as well as varying 
degrees of secondary co~bustion above the bed.-
For each.bed operating condition i.e. bed temperature and 
velocity, the resulting gas temperatures are obtained by 
solving the system of equations represented by equations (70) 
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to (72). f rqm. the .equations containing seven unknown tempera-
tures, each equation is seen to contain each temperature in two 
forms i.e. raised to the fourth power, and as a simple temperature 
multiplied by.a.constant coefficient. An iterative technique 
has to be employ~d. Hottel and S~rofim (56 p. 105) suggest 
the use of a Gauss-Seidel iterative procedure for solving the 
equations~ lt.is evident that the diagonal element in each 
row is dominant, and by assuming temperatures for the remaining 
'.· 
elements, the temperature of the i th row is solved ite~atively 
( 14 6) •. The.iterative equation has the form given by equation 
(78) which is. effectively a modified Ne~ton-Raphson approach 
to speed up the convergence. 
'l' " = '.f • 1, 1, 
a .. · T~ + b .. · T • - a ' 
'/.1, 1, 1,1, ~ 
- . 3 ---
4·a .. ·T. + b .. (78) 
. 1,1, 1, 1,1, 
The iteration for each temperature is stopped when the difference 
,, 
between the current (Ti) and the revised (Ti') temperature do 
not differ by more than 1°C. After eac~.of thi seven 
temperatures has been evaluated by equation (78) the pro-
cedure is repeated until no further ~terat~on is necessary. 
This talculation procedure is illustrated i~ Figure 48. 
/. Once the gas temperatures have been evaluated the heat flow to 
the various surface elements can be determined from equation 
( 7 4) • 
g) Application of the Model 
The model enables the combustion and heat transfer in the above 
bed freeboard region to be studied as a function of 
(i) the absorption coefficient 
(ii) the extent of combustion above the.bed. 
Although. a number of other parameters can be investigated, it 
is the effect of the above two which have the most significance 
in the description of shallow fluidized bed combustors. Cl~arly, 
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the excess air factor will have an effect, however in most 
practical systems it is. of importance to operate at as low an 
excess air level as is possible. Indeed, the most usual level 
of excess air which would be employed in a shallow fluidized 
bed steam generator would be of the order of 25%. 
Initially the gas emissivity in the first gas zone was increased 
by 10% over the remaining gas zones. This was undertaken in 
order to assess the effect on the entir~ freeboard zone a~ a 
result of the increased particle density in this reg{on. 
However the overall result was not materially affected and in 
view of the rather arbitrary increase in emissivity this was 
dispensed w~th for the further analyses. Indeed, the increased 
emissivity in this region could easily be described as a "micro-
scopic". as opposed to a "global" phenomenon when related to the 
upper freeboard region. 
A series of curves presenting the.exhaust gas temperature as a 
function of the superficial gas velocity in the bed at constant 
bed temperature levels is illustrated in Figures 49 and 50. 
Both have been drawn for excess air levels'of 25%. H O\rJeV er 
the relationships of Figure 49 have been drawn assuming no 
contribution to the radiative heat transfer due to the particu-
!ates in the freeboard gases. This results in higher freeboard 
gas temperatures than those obtained from Figure 50 where a 
fairly substantial contribution to the gas absorption co-
efficient due to heat transfer from th~ particulates has been 
assumed. 
In order to illustrate the effect of secondary air combustion, 
the exhaust gas temperature has once again been drawn as a 
function of the ·superficial gas velocity in Figwre 51 but 
for the case. in 1rJhich 303 of the total heat released takes 
place in the freeboard and at a bed temperature of 950°C. 
A number of test results obtained from Table Gll of Appendix 
G have also been plotted in Figure 51 0 T~ese data 
points correspond to conditions similar to those for which 
the curves in Figure 51 have been drawn. Clearly, for 
similar fractional combustion rates in the freeboard~ 
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-168-
i.e. the ra~io of the heat released'jn the freeboard to the total 
heat liberated, increasing the fluidizing velocity at a constant 
bed temperature will result in an increase in the entrained 
particulates. This in turn will lead to higher h~at transfer 
rates and a subsequent decrease in thi:; predicted exhaust gas 
temperature from the curves of Figures 49 to 50. This implies a 
shallower characteristic. However the da~a points in Figure 51 
imply a steeper characteristic than that predicted by the model. 
For this to be so, the rate of combustion above the bed must 
increase as the superficial gas velocity increases. The nature 
of this increase and the effect of overbed and unde~bed fee~ing 
is discussed in more detail in section 4.1.2. 
However, another objective in performing a detailed analysis on 
the freeboard region of the furnace of a fluidized bed combustor 
is to be able to assess the heat flux rates in this region. Th~ 
predicted heat flux pr~f iles together with measured data points 
under similar operating conditions are illustrated in Figure 52 
bath with and without combustion above the bed. From both the 
theoretical cuives and the empirical curves, it is evident that 
the heat flux in the freebo~rd is substantially lower than the 
heat flux rates in the bed zone. From the experimental results 
illustrated in Figure 52 a small difference in the heat flux is 
noted between the two curves in the fluidized bed due primarily 
to the difference in bed temperature. The difference between the 
two curves in the above bed region is more marked than in the 
fluidized bed zone in view of the secondary combustion reaction 
taking place in the freeboard in the one case: The difference 
between the theoretical and empirical curves could be accommo-
dated by increa~ing the particulate absorption coefficient, 
however the difference is attributed to higher heat release 
rates in the freeboard zone than those antj.cipated cf section 
4.1.2. Thus the differ~nce between the theo~etical and 
empirical curves of Figure 52 is the result of a significant 
amount of combustion taking place in the f~eeboard of the furnace. 
4 .1. 2 Dev e loprnen t of a Ch ,3 ra_s: t er is t_:i:.£__S_.9}J_'.;1 t i_~:rn for 
the Shallow Fluidized Bed Combustcr Furnace 
·-·----
As is evident from the preceding section; the flow, combustion 
and heat transfer phenomena occurring in the freeboard above the~~---·-
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fluidized bed, besides being interrelated are extremely complex 
and difficult to describe. Indeed, refining of the zoning 
grid to approach a continuous.type system results in the com-
plexity increasing as a power type relationship. Further, the 
more complex the system, the more one has to questi6n the 
validity of the basic assumptions as well as the accuracy of 
the input data. This is particularly true of a coal fired 
furnace configuration where for example wall B~issivities are 
not accur~tely known and ev~n in the event of an accurate value 
being obtained this may change during operation. Further, in 
view of the radiative heat transfer taking plac~ in proportion 
to the fourth power of the temperature this does permit a less 
rigorous approach when considering the effscts of other para-
rn3t~L·s. 0:-,e .:f the ad·Ji1ntage= of the ciet3i!.ed .::pprocich is 
that it enables the prediction of the magnitude and region in 
which the peak heat flux will occur. It is evident from both 
the experimental work and the preceding detailed analysis tha~ 
such a peak flux does not otcur in the freeboard zone. Indeed 
heat transfer rates in the bed zone are #ignificantly larger 
than those obtained above the bed. Therefore a simpler 
approach has been devised which enables the prediction of the 
final gas temperature whilst allowing -fqr the effect of the 
--- ·-·-···-
rajiating bed s11rface and the enclosi~g water cooled surface. 
This leads to the formation of an equation which can be des-
cribed as a one-gas zone two-surface zone model and can be 
considered as a characteristic equation of the fluidized bed 
furnace. 
/ 
Hottel (56, ch 14), (51), (143) chas developed the ·one-gas ~a~.::_--... 
model for the prediction of industrial furnace performance. 
This model has been used as a basis and then extended to 
formulate an equation which can be considered as characterizing 
the performance in the freeboard of a fluidized bed. 
The furnace is therefore described by a single gas zone .w~ich 
behaves ~s an intimately stirred tank reactor having a Oniform 
radiating temperature. This temperature is assumed to exceed 
the exhaust gas temperature by an amount ~- The single gas 
zone is surrounded by a sink formed by cooling walls and a 
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second surface, the bed surface which is in fact a radiation 
source. The description of this latter surface zone is clearly 
different from the refractory surface zones generally included 
" in furnace analysis and employed by Hottel (57) in the develop-
ment of his one-gas-zone model. Th~ bed sOrface radiates heat 
to the gas and the surrounding wall, whilst the refractory 
surfaces are considered as no flux surfaces and only assist in 
the transfer of heat from a source to a sink. In other words, 
they result in an increase in the total exchange area as 
compared to the direct exchange areas utilized in the previous 
section. 
Temperatures have all been reduced to a dimensionless form by 
dividing by a ps3ucio adinbe+i~ flame temperature. Thie t~mpera­
ture is defined by the heat input to the furnace such ihat this 
pseudo flame temperatur~ is given by: 
where the heat input Qf includes the chem;;ical heat of combustion 
released above the bed as well aB the heat content of the gases 
entering the freeboard region from the surface of the bed. It 
is evident therefore that in the event_ of there being no heat 
released above the bed, the oseudo flame temperature will be 
equal to the bed temperature. The heat input can therefore be 
represented by equation (BO) : 
' · . heat content of Q7 "b_ f + m • c • C.Tb '""· T ) + l th ond •. ) &'l-, g Pm · o e sec· ary a-i-r (80) 
In-order to d8velop the characteristic equation for the fluidized 
bed freeboard zone, the following assumptions are made 
(i) the gas is well stirred and at a temperature T9 
(ii) the heat transfer by convection is neglected 
(iii) the loss through refractory walls and radiation 
openings is small 
(iv) the flue gases· leave the furnace at a temperature 
( T ~11. g . 
, ·.. . 
. ·~ 
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Three total Bxchange areas can be defined 
(i} from the gas to the sink (cooling surface) 
(ii) from the gas to the source (fluidized bed) 
_ GW 
- GB 
(iii) from the fluidized bed to the cooling surface - BW 
From the assumptions and the definitions of the various total 
exchange areas, the rate of heat transfer from~the gas to the 
surrounding surfaces can be written as 
4 4 . 4 4 ' GW·a· ( T .- T ) ~. GB· a· ( Tb "<""· T ) 
. g .. - w . g 
(81) 
The energy bal~nce on the gas equates the heat transferred from 
the 9as given by equation (81) to the difference in heat input 
to the resulting enthalpy of the leaving gas stre~m. Assuming 
this gas stream to leave the bed at a temperate A below the 
exhaust gas temperature the. heat balance can be given by 
equation ( 8 2) • 
Q = Q -m·c ·(T -~""-T) 
"G · 'F g Pm g o 
;;;.. .. (82) 
If no dissociation of the gas takes place\~~ the higher tempera-
tures the value for the mean specific beai u~ed in equations (79) 
and (82) will be very similar and the two equations can be 
'Combined to form 
Now the furnace efficiency is defined as 
QG + Zosses 
nf = QF 
·and assuming no losses this becomes 
{831 
(84) ~-~--. -· 
(85) 
Provdded that the total exchange areas can be established, then 
we have two equations,. (Bl) and (83)~ containing two unknowns 
viz the mean gas temper~'t-ure and-the heat transferred from the 
gas QG. Equation {Bl) has been made dimensionless by dividing 
by GW·a~T~ and the resulting dimensionless temperatures are 
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given by an equation of the form of equation (86) with the 
subscripts having the same designations as before 
(86) . 
thus equations (81) and (83) become 
QG ( s'f .,.. e'+ ) GB ez; ~ e'+ ) (87) GW·CJ·Ti+ = ""'GW •( (J w g F 
QG . 
1 - 8 ) 1 ,.. e .... a A (88) -·( c: QF 0 g 
By defining a reduced firing den~ity D' and a reduced rate of 
heat transfer from the gases Q' by equations (89) and (90) 
Q.' 
QG 
1 - a J (89) = -( QF 0 . , ___ 
Q 
D' F (90) = I+ 
- a ) GW. a· T F • ( 1 0 
-
Equation (91) can be formed: 
= r e'+ - ei+ J - GB·( ebi+ - ei+ J g w GY g (91) 
For industrial furnaces, Hottel (143) has estabiished that the 
reduced temperature difference is approximately proportional to 
the reduced heat transfer from the gases Q' . The relationship 
between these two parameters can be represented by the following 
relationship 
e ti = ( 1 - 1/d ) Q' (92) 
Which on substitution into equations 
following equations 
(85) and (91) yields the 
. \ 
.J 
(Qf J·(dD'J d 
.{ Q' 4 4 GB.{ e" 
= r 1 ""· laJ .,.. e } ~ -· . . b. ...... 
w G~· 
Q'/d 
r 1 - e J 
0 
-, Qt ... 4 
c 2 ~ · !al } 
(93) 
(94) 
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Equations ( 93) and ( 94) are parametric equations in ( Q'/d) and 
can be considered td characterize the freeboard region of a 
fluidized bed cbmbustor furnace. The form of the equations 
is similar to that presented by Hottel (56, ch 14), (57), (143) 
but cari be considered as an extehsion by inclusion of the second 
term on the right hand side of equation (93). This term, in 
view of the ratio of exchange areas, tak§s into ~ccount 
differ~nces which occur from one furnace to another with 
iegard to the relative positiori and arrangemenf of the upper 
surface of the fluidized bed and the surrouhding cooled surfaces 
or sink. It should be noted, however, that though the equations 
do not make allowance for losses through refractory sections 
and openings in the furnace these can be allowed for by intro-
ducing more terms into equations (93) and (94). In any event, 
their effect is very small and in view of the simplicity of the 
relationship given by equations (93) and (94), they should be 
neglected. A further point to note, is that convection can 
be allowed for by modifying the gas to wall total exchange 
area GW • 
The total exchange factors are easily -0btained from a table of 
interchange areas in a cylindrical enclosuri {~6, ch 7), a 
knowledge of the absorption coefficient and- a relation of the 
form of equation (95) 
GS. 
1,, 
2 
A.• E. - ,2: S.S. 
1,, 1,, • 1 1,, J J>=, 
(95) 
The ratio of the total exchange areas was determined assuming 
the emissivity of the bed to be 0,5, and the surrounding wall 
to be 0,7 with an absorption coefficient of 0,5 m-l The" 
resulting ratio was foun~ to be 0,0415. 
Using this value the parametric equations (93) and (94) ~ere 
solved. The resulting r~lationship between the reduced 
furnace efficiency and the reduced firing density have been 
illustrated in figure 53. The use of these equations as 
represented in Figure 53 is presented in Section 4.1.3 where 
the extent of cdmbustion in the freeboard zone has been evaluated. 
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4.1.3 Combusticin in fhe freeboard 
The characteristic ~urve of Figure 53 has been plotted together 
with a number of data points-obtained from tests in Figure 42. 
Although the points have been plotted as the relatioriship 
between the furnace ~ff iciency and the product of the reduced 
firing density, the ~haracteristic curve and the points should 
have the same slope ~s ~hey have been drawn on logarithmic paper. 
The points should be displaced a distance (ln d - ln GW) along 
the abscissa and a distance -ln(d) along the ordinate. 
From Figure 42 it is seen that the points lie on a much steeper 
line than would be predicted by the characteristic line. 
Although the points tend to lie on the same general linB~ 
groupings of points related to the different feed systemsemployed 
can be d:stingui~hed. A further grouping, relating to the 
combustion of the duff coal as opposed to the low fines coal 
is also evident. 
.: .. ,-_;;.. .. 
Although values for the parameter 'd' and the total exchange 
area could be utilized to further cotrect.the data points, this 
\ .. 
will have no affect on the slope. Examination of the points 
in relation to the characteristic curve ind1cates a far more 
.. ~apid decrease in the furnace efficiency obtained from the 
·.' ! 
experimental results than from the characteristic curve as the 
firing intensity is increased. In many instances the furnace 
efficiency is very low. Clearly heat must be released in the 
freeboard which has not been accounted for. This is particu-
larly true of the high velocity conditions where volatiles and 
indeed burning carbon particles will burn in the freeboard even 
in the absence of secondary air introduction above the bed. 
A further point to note is the apparent lower efficiencies 
obtained when utilizing the underbed screw feeder as opposed 
to the above bed feeder when burning the low fines coal. More 
combustion takes place in the freeboard when using the underbed 
feeder than when using the above bed feeder. This would also 
explain the lower apparent-furnace efficiencies.obtained far the 
underbed feeder at corresponding firing densities. 
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In order ko obtain.the-experimental points on a line parallel 
to the characteristic curve. presented in Figure 42, the data 
points must be adjusted to accommodate-the apparent tombustion 
in the freeboard .•.. -Although the characteristic line is in fact 
a curve, this can.be represented by a straight line on the 
logarithmic co-ordinates.,of. F:igure 42 _or. 53. This str-aight 
line can be represented by equation (96). 
= 0,5811 ( D'·d J-o, 3727 (96) 
or for the relevant data points as 
= 
Q 
0 5811 ( F ) -o, 3 12 1 
' ·a·T·(l..-6) F. o 
(9'1) 
In order to adjust the data.points of. Figure 42.so that they 
lie on the straight lln~ given by equation (97), the heat 
liberated in the freeboard must be evaluated from a solution 
of equations (98) and (99). 
n 
·f 
= 1 -
= 
(98) 
(99) 
An iterative procedure had to be adopted in order to solve· for 
the apparent heat liberated in the freeboard for each of the 
test points. The results of the calculation are illustrated 
in Figure 54 which is a plot of the fraction of the heat 
released above bed as a function of the superficial gas velocity 
for those tests in which all the air for combustion was supplied 
as fluidizing air, i~e. substoichiometric bed combustion with 
the introduction of. secondary air above the bed has not been 
included in the figure. 
From Figure 54 it-is s~en that with the increase in ~elocity, 
the fraction of heat liberated above the bed steadily increases 
until about 25% of the heat is released in the f reeboard at a 
/ 
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Figure 54 . Heat release in the freeboard as a function of 
the bed superficial gas velocity for conditions 
in which all of the com~~stion air is supplied 
as fluidizing air. 
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velocity of 3,0.m/s... The development of the characteristic 
equation for-the .. freeboard of. a fluidized_ bed combustor besides 
-providing a simple description of this region.has _enabled a 
better estimate cif the cdmbustion taking place above the bed 
to be made. 
4.2_ THE MECHANISM_ OF HEAT TRANSFER WITHIN THE EED 
When cbnsidering the heat transferred from the fluidized bed a 
distinction is made between the heat trahsferred to the peripheral 
walls and to an immersed horizontal tube. Heat transfer studies 
have also been tonducted by means of a small heat transfer probe 
whic:;h can be :i.mm,i·csed at varir:ius levc:::.1.s witrin the bed. Th.is 
probe has been utilized in establishing instantaneous heat 
transfer coefficients. Since the.major objective is to 
- ' 
establish the heat transfer coefficient between the bed and 
the peripheral surface or an immersed surface the absolute 
value of the heat transfer coefficient bettween the bed and 
. ___ ...:.... 
an 
isolated probe is not of primary interest. However, the rel~­
tive values of heat transfer between such\a_ probe and the bed 
\ 
provide an insight into the mechanism o_f- the heat transfer. 
. '-··-._ .. _____ -
As a consequenc~, sufficient data were obtained from the 
_;experimental investigations to permit the formulation of 
empirical equations for predicting tile" -heat transfer from the 
bed to both the peripheral walls and the immersed horizontal 
tube whilst no correl.ation was formed for the heat transfer to 
the small heat transfer probe. 
The heat transfer mechanism, and the correlations for heat 
transfer established in Chapter 3 refer only to the particulate 
convective heat transfer component. The gas convective com-
ponent is small and can be neglected iri atmospheric systems, 
whilst the radiative component has been considered as being 
additive to the-convective component in forming the. total heat 
transfer coefficient. The particle.convective compo~ent .. can 
therefore easily be obtained from total heat transfer data, as 
'---
presented in Section 1.3.l. 
, .. : 
-· 
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The ~ell ordered bubble formation in deep beds is not apparent 
in the shallow. fluidized beds studied. The basic models for 
fluidized .bed--heat .transfer have been discussed in Section 1.3 .1. 
Although no new fundamental approach is presented the mechanism 
of the observed hea±-transfe~ as presented in Chapter 3 is dis-
cussed in the following sections with the aid of a theoretical 
model. In view of the .apparent-differences in the heat transfe~ 
mechanism for periphBral as opposed to.immersed surfaces the 
mechanism of heat transfer to each of these su!faces is 
considered separately. 
4.2.1 Bed to Wa.11 Heat Transfer 
T~a coLrel6tion of the pa1ti~:e convc~ti1e heat tiansfer co-
efficient between tha fluidized bed and the surrounding cooling 
surface did not fit the data as well as that obtained for the 
immersed horizontal tube. However, examination of the 
.resulting correlation for the surrounding surface indicates a 
slight dependence on the bed height cf_ eefuation. (44). The 
heat transfer coefficient therefore decreases as the bed height 
increases. This decrease is not very la'.rge_, and is proportional 
to_ the bed height raised to a power of· 0, l~-·-
Considering the packet theory of Mickley and Fairbanks (3i) it 
was seen in equation (14) that the particle convective co~ 
efficient is proportional to the square root of a stirring 
factor. However this stirring factor can be defined in terms 
of the velocity of solids movement along the coaling surface 
of length L. Hence the local stirring factor can be written as 
= 
. ( u/L ) 
7f 
(JCIOL 
or the relationship given by equation (14) can be written as 
It 
bed 
is 
h p,a 
clear 
height 
convective 
= 2·/ k · p ·a '\·( u/Ha 1°' 5 m · m p \ yn S· . . 
(101) 
from equation .( 101). that increases in the.dynamic 
will result in a decrease. in the particulate 
heat transfer coefficient. However, the decrease 
~J. / 
.·.'" 
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predicted from the experimental work, cf equation (44), is not 
as large as that-proposed by equation (101). Thi~ could be 
overcome by introducing a contact resistance.as suggested by 
Baskakov ( 34.).. . A .further po.int to note,. was the absence of 
any significant-.variation-in.the frequency of the change in 
the heat transfer coefficient._for_ different bed heights, cf 
Section 3.4.2. Thus the f~eguency of bubble contact with the 
peripheral wall is not affected by the change in bed he{ght. 
. ! 
Hence if the packet theory is- considered ·.as desc·ribing the 
heat transfer from the fluidized bed to the surrounding wall 
in ~ shallow fl~idized bed, it appears that the bubble flbw 
has little effect on the stirring factor which arises solely 
as the. result c..f thu mo·.i ement uf the pa:::kut along th.:: 2-ength 
of the cooling surface. Therefore, in the shallow fluidized 
beds utilized in the l ODO mm diameter test rig, the solids 
movement is evident as a continuous downflow of solids along 
the vessel wall with bubble producing an overall upflow of 
solids. in the central bed region. Clei:i.Fly this is an over-
simplification as solid~ movement would tend to be random, 
however the mechanism of heat transfer wo~uld tend to indicate 
that on average there is an upflo1r1 of -sd_l~-~_s__ in the central 
· region due to the transport of solids in the bubble wake and 
-~ a downflow of solids along the walls. A contact resistance 
is-easily incorporated to obtain the reduced sensitivity of the 
heat transfer coefficient predicted by the empirical relationship. 
4.2~2 Heat Transfer to an Immersed Surface 
\ 
\ 
In contrast to the correlation obtained for the bed to surround-
ing surface-heat transfer, the heat transfer coefficient between 
. I 
the bed and a horizontal immersed tube increases as the bed 
height is increased. further the effect on .bed height is 
more significa~t for the. immersed tube, cf equation (41) than 
for the evaluation of.the heat transfer coefficient from the bed 
to a surrounding wall. 
It would appear that the packet theory of Mickley_ and Fairbanks 
(11) could not effectively be employed. However, closer 
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investigation .. indicat~s that the immersed tube does not repre-
sent a deviation.from the.basic mechanism presented in the 
preceding section. - Consideration of equation (101). would 
indicate that in-its. application to an immersed horizontal 
tube, the dynamic.bed-height cannot be. utilized in formulating 
the stirring factor.as the heat transfer does not take place 
along this length but o~ly over .. the.tube diameter which is 
inrlependent of the height.-~ Clearly,_if a relationship 
! 
similar ta equation (101) is.employed 7 -the variation in heat 
transfer coefficient will have ta be accommodated by the 
velocity. 
However tests conducted utilizing the small heat transfer 
prcbG indica~ed a ~ignificert va~iation in the freq~~n:y of 
oscillation of the instantaneous heat transfer coefficient for 
different values of the static bed height, cf Section 3.4.2. 
This frequency ~s found to increase as the bed height increas~~. 
The bubble phase is associated with a low heat transfer co-
efficient as opposed to the high heat.traq;sfer coefficient 
associated with the particulate phase. This gives rise to 
the fluctuations in the instantaneous heat.transfer coefficient. 
The bubble movement within the bed wiLl ~ffect the heat transfer 
tc ~he immersed heat ~ransfer probe and the ho~izantal cooling 
tube in a similar manner~ TherefGre the frequency of variation 
in heat transfer coefficient associated with the probe can be 
related to the immersed tube. Clearly the stirring factor of 
equation (101) is none other than a frequency or the reciprocal 
of the period, thus the packet model is utllized. by defining the 
stirring factor in terms of the f~equency as given by equations 
' = (102) and (103) 
= (1021 
h = 2·C·I k ·p ·a '·v 0 ' 5 C103J. 
_p,c m · m p
8
_ 
From equation (48) the ratio of the.root of .. the frequencies 
obtained when operating,the.bed at two different static bed. 
levels is found to be 1,151 •. _In.other words, the-heat tra~sfer 
coefficient of the deeper bed should be 1,151 times that-
obtained from the shallower bed. 
.-, 
-183-
Using equation_ (41) for both bed depths results·in a ratio of 
1,13. Although very.-similar .to the val~e obtained when using 
equation (103) 7 ~.this-latter equation could be further modified 
by incnrporating a contact resistance. This is similar to the 
approach employed.for the.bed to surrounding wall heat transfer 
coefficient, however, in view-of the- relatively s~all difference 
in the ratio of the heat transfer ~oeffici~nts obtained using 
equ~tions (103) and (41) the-contact resistance used for the 
; 
immersed surface will be less than that needed-to complete the 
heat transfer mbdel for the surrounding ~urface. 
·This contact resistance can be described by equation (104) 
R 
U) = (104) 
Where ow is the thickness of the zone adjacent to the wall and 
has been assumed by a nLlmber of workers to take on values 
varying from 0,1.dp to as much as 0,5 dp· 
4.3 COMBUSTION AND ENTRAINMENT 
·, 
l·""· 
The combustion and entrainment rate data of _thapter 3 are more 
of a qualitative than a quantitative nature, and it is therefore 
very difficult to be able to utili~e a sophisticated model to 
predict results or establish a mechafiism of combustion, attrition, 
elutriation and so on taking place in both the fluidized bed 
and freeboard of the test rig. However. a model was developed 
to describe the combus-tion and ent(rainment· phenomena occurring 
during combustion at high excess air levels in a refractory 
lined 300 mm diameter combustor (75). The model developed 
was fairly complex and the justification of its application to 
the present work is doubtful in view of the difficulty of 
expressing attrition and ~ombustion rate constants, as well as 
certain assumptions concerning the mixing of the fuel in the 
bed, etc. The model is therefore far too complex for the large 
scale 1 ODD-mm diameter test rig. However, for completeness, 
the basic outline of .the model has been s~mmarized in Appendix I. 
Clearly the model could be applied to the test rig and by 
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adjusting the attrition and splashing rate constants results 
similar. to those .. obtained during the tests could be obtained; 
however, the artificial manipulation of rate constants is 
undesirable and renders .. questionable the.use of such a model~ 
However more work into.defining the. splashing, attrition and 
mixing pher1omena, together.with a.description of the combustion 
process differentiating between heterogeneous carbon and homo-
geneous gas combustion would be. necessary to obtain a better 
. ; 
understanding of many of the.fundamental proces.ses. A fu~ther 
area in ~hich work could be undBrtaken would be in the description 
of the combustion rates telated to coals of differing apparent 
reactiv.i t.i:es. 
.:. :;,;... 
( 
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CHAPTER 5 
DISCUSSION 
The ~evelopment of fluidized bed combustion has progressed 
beyond the small scale laboratory type experiments -to the 
pilot and demonstration plant stage. Particularly with 
respect to atmospheric fluidized beds, the technology has 
reached commercial realization. However, although a number 
cif industrial sized boilers have been operating in commercial 
environments f~r. some time, work on these units has been 
directed at solving the numerous engineering problems which 
occur when a new technology is introduced. It is therefore 
difficult to relate the results obtained en b~nch scale 
equipment to commercial plant, whilst the results obtained 
from industrial equipment have not been conducive to detailed 
analysis. A further complication is due to the earlier 
.: ... .;;:.. 
fluidization studies having been undertaken with relatively 
deep beds of fine particles whilst the development of fluidized 
bed combustion, and in particular atmosp~~ric fluidized bed 
combustion has resulted in the utilization. of relatively 
shallow beds of coarse particies. 
The l 000 mm diameter test rig represents the vertical flue of 
a small industrial scale boiler which would be ca~able of 
evaporating about 3 ODO kg/h of water to steam. Extensive 
instrumentation has enabled a study of heat transferi com-
bustion and entrainment phenomena to be undertaken on equipment 
of an industrial scale. Investigations havE, however, been 
concerned with the study of these reactions in the fluidized 
bed and the freeboard zone situated immediately above the bed. 
The furnace of a fluidized bed boiler, which is effectively 
modelled by the test rig, has therefore been defined as being 
made up of two distinct zones, the fluidized bed itself and 
the disengaging radiant heat transfer zone forming the free-
baord immediately above the bed. Whilst the two zones 
operate as a unit in forming the furnace, each has been 
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considered separately when evaluating the test results. How-
ever, it should be clear that operating conditions in the 
fluidized bed zone are iriextricably linked with the freeboard 
particularly as the energy input to the freeboard originates 
from the fluidized bed. 
T~vo coals have been utilized, the first having a .high content 
of relatively fine particles, and the second being almost 
devoid of this fine component. .Although hav1ng no effect on 
the heat transfer in the bed, and only a minor Bffect on the 
heat transfer in the freeboard region, the different coals 
give an irid~cation of the effectiveness of the shallow fluidized 
bed combustor in burning fuels of different size gradings. 
Furt~er, overbed and urderbed means of fn8ding the ~o~l to the 
bed have been employed. This has indicated the importance of 
the distribution of thi fuel to the fluidized bed. 
Considering the division of the shallow fluidized bed combustor 
furn ace into two distinct zones, furthei<t· discussion is pre-
sented with separate reference to the two zones. A final 
section on the combust,ion and entrainment. phenomena has also 
been included. 
5.1 THE FLUIDLZED BED ZONE 
The fluidized bed can further be considered to be divided into 
a, dispersed cloud tone at the upper porti'on of the bed, and 
lower dense zone made up of a particulate and bubble phase. 
Investigation into the heat transf~r within the clo~d zone 
and the extent of this zone was only possible for the shallower 
(about 120 mm deep) bed heights inve~tigated. It was found 
that no distinction could be made on the basis of heat transfer 
between the two bed zones when all the air for combustion was 
supplied as fluidizing air. However, on operating the bed 
substoichiometrically, higher heat transfer rates to the heat 
transfer probe were measured in the cloud zone than in the 
lower more dense zone. It was therefore evident, that under 
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correlations are similar in form, however the heat transfer 
coefficient between the bed and the surrounding wall is found 
to decrease Slightly as the bed height increases, whilst the 
reverse is true for the heat traTisferred to the horizontal 
immersed tube. Further, the correl~tion of the heat transfer 
data obtained from the imm:ers.ed tube is improved by including 
data on the bed expansion. Although a difference exists in 
the eff~ct of bed height on the heat transfer coefficients to 
the surrounding wall and the immersed tube, the same funda-
mental mechani~m has been utilized in describing the heat 
transfer phenomena. 
In both of the heat transfer studies undertaken within the bed 
zo11l3, the packat theory cf heat tra1sfer incarpnr.ating a CC'ln-
tact resistance has been employed to describe the phenomenon. 
In the case of the peripheral surface, the bed height is 
utilized as the.characteristic dimension required in the 
stirring factor, whilst bubble frequencies have been used. 
in the heat transfer mechanism describif.iig the heat transfer 
to the immersed tube. · The peripheral wall heat transfer 
coefficient is relatively unaffected by ~ubble frequencies 
whereas bubble motion appears to be la~gely responsible·for 
t~e heat transfer to an immersed surface. It is therefore 
postulated'~hat the heat transfer- to immersed surfaces is by 
bubble motion whereas the particulate component of the heat 
transfer to the peripheral wall is as a result of a steady 
downflo~ of particles along the surrounding wall. This is 
supported by the empirical correlations. This is further 
emphasized by the improvement in the correlation obtained for 
the immersed tube by including a parameter r~lated to the bed 
expansion ~hich is a function of the bubble fr~cti~n contained 
in the bed. A further point is the smaller contact ~esistance 
associated with the immersed surface which clearly is a con-
sequence of ~he more vigorous bubble motion in the c~ntre of 
the bed than at the bed periphery. 
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5.2 THE FREEBOARD ZONE 
A detailed heat transfer analysis of the freeboard was under-
taken. The zone method of analysis was employed and the 
freeboard was divided into seven gas zones and nine surface 
zones. Although variation of the absorption co~fficient in 
the different gas zones v11as originally allm11ed for, this· was 
dispensed with, as though this largely effects the emitted 
radiation for the particular zone its effect on zones further 
away becomes insignificant. Heat flux profiles from the 
furnace analysis were simil~r ta those .obtained by.measure-
ments obtained using the heat flux pads. However, compaiison 
with the overail performance data indicated that combustion 
was taking pl~ce in the freeboard even though sufficient aii 
t~ complete the combustion in the bed was su~plied as fluidi-
zing air. 
' -----
The zone method was simplified to form a single gas zone and 
two ·surface zone model. The model wa~";.developed a.nd a 
characteristic equation for the freeboard zone of a fluidized 
bed combustor was developed. This equation relates the 
furnace efficiency to a firing density_and a ratio of the 
total exchange areas describing th~ geometry of the particular 
furnace. 
The overall analysis of the experimental results obtained from 
test~ on the 1 000 mm diameter test rig indicated· that particu-
larly low furnace efficiencies were obtained at high firin~ 
densities. The results were modified by utilizing the 
characteristic equation to establish the heat released abov~ 
the bed. _This heat release was found to have a close relation-
ship with the fluidizing velocity. 
5.3 COMBUSTION AND ENTRAINMENT 
Curves obtained from grading analyses of the entrained ash 
i~dicated that the size of this ash can be represented by 
three distinct bands, dependent on the fines content of the 
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original coal feed and·whether abc:ive or underbed feeding of 
the fuel was employed. No relationship was derived for 
relating the e~trained material size gradings to a particular 
entrainment mechanism but it was evident that the uniform 
distribution of the fuel to the bed is important in reducing 
entrainment rates and thereby increasing the burn-out of the 
carbon fraction within the bed. It was particularly notice-
able when employing the above bed feeder as opposed to the 
underbed screw feeder with a similar coal, th~t the carbon 
content of the entrained ash decreased together with the 
carb6n monoxide content of the flue gases. Clearly poor 
mixing associated with the underbed screw feeder resulted in 
carbon rich areas near the feeder causing carbon monoxide and 
hyd~ocarbo~ formation with significant quantities of oxygen 
bypassing the bed for combustion of these combustible gas·es 
above the bed. 
The development of a characteristic equation for the f~eeboard 
of the f 1 u id i zed be d comb us t or en ab 1 e d . c;~o e valuation of the 
heat released_by combustion in the above bed region. This 
further indicated higher heat release ra~~s abnve the bed with 
the ~crew feeder due to its poor lateral mixing characteristic. 
(' 
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·CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 
Coal having a high fines content is in abundant supply as a 
result of the limited .demand for this fuel. Such a coal has 
been successfully .burned in a fluidized bed combustor which 
would be reptesentativ~ of the furnace sectio~ of an industrial 
scale fluidized-bed steam-generator. In order to enhance the 
commercial application of the fluidized-bed combustion process, 
the coal has beBn burnt in relatively shallow beds with a 
relatively low pressure drop across the distributor. A shallow 
bed, thou9h reducing the combustion efficiency, results in a 
reduction of the fluidizing air fan power consumption which is 
normally considerably higher than the auxiliary power con3ump-
tion of conventional solid fuel combustion equipment. Secan~ary 
air was introduced above the bed as a means of creating a 
secondary combustion reaction above the:J:ied to increase the 
carbon burn-up as well as to increase the rating of the unit. 
The fluidized bed· is surrounded by a wat,e;r jacket which extends 
to the freeboard above the bed thus forming a furnace which has 
been considered as being made up of a fluidized bed zone and a 
freeboard zone. The work of this thesis is therefore concerned 
~ith the combustion and heat transfer phenomena taking place in 
each of these zones in a furnace of a size similar to that 
which could be u"l:ilized commercially. The following conslusions 
have been drawn : 
6.1 CONCLUSIONS 
Heat Transfer within the Fluidized Bed 
a} The he~t trinsfer coefficient from the bed to the surround-
ing wall has been correlated by means of dimensionless 
numbers incorporating the relevant operating parameters 
by the following relationship having a correlation 
coefficient of 0,610 : 
Nu p = 
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(44) 
The above relationship has been derived ov~r the following 
approximate bed operating conditions : 
.. Bed temper at u r.e 780 to 1000°C 
Superficial gas velocity . 1,0 \0 3,0 m/s . 
Static bed height . 100 to 250 mm . 
b) The heat transfer coefficient betwe~n the bed and an 
immersed horizontal tube has similarly been correlated 
by means of dimensionless numbers operating under condi-
tions aa ~til~zed 1·or ~he s~rrounding wall correlatio~. 
A fBr better ~orrelation was obtained for the heat transfer 
coefficient from the bed to the immersed horizontal tube. 
The correlation, for which the fflUltiple correlation co-
efficient was ev~luated as 0,8067 is given by 
= (41) 
c) The mechanism of heat transfer fro~ the bed to both the 
surrounding surface ·and the immersed cooling tube can be 
described by a packet theory of-heat transfer modified 
I 
by a contact resistance. The transfer of heat to the 
peripheral wall is affected by the residenc~ times of the 
packets as they traverse the depth of. the bed, whereas 
the heat transferred to the immersed tube is affected by 
bubble motion within the bed. The smaller contact 
resistance associated with the immersed tube compared 
to the peripheral surface suggests a more vigorous heat 
transfer within the bed in contrast with that at the 
peripheral surface. Further, even with shallow beds, a 
general p~ttern of solids movement is postulated with the 
general upward movement of solids in the central bubbling 
region and a 9eneral downflow of solids at the peripheral 
walls. 
. / 
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',. 
Heat Transfer in the Freeboard 
d) The heat transfer in the freeboard was evaluated by 
dividing this region into seven gas zones and nine 
surface .zones. Curves were established relating the 
bed operating parameters to the performance of the 
freeboard region. 
e) A simplified single gas-zone two surface-ione model to 
destribe the heat transfer in the freeboard region was 
f) 
formulated. This led ~o the development of a 
characteristic equation for describing the freeboard 
of a fluidized bed combustor. The equation is given 
by two parametric equations which are represented as 
Q' (d ) (d·D ') 
nf 
d 
= 
= 
{ r 1 _ g 'J .. _ 8.. } _ GB • { 8 4 _ ( 1 _ Q 'J .. } 
. d w GW b d 
Q'/d 
r1 - e J 
. ' 0 
Use of the characteristic equation for the f reeboard 
the fluidized bed combustion furnace'-led to the 
evaluation of the quantity of heal released in the 
freeboard region of the bed. This heat released was 
of 
(93) 
(94) 
found to be almost proportional_to the fluidizing velocity. 
J 
Combustion and Entrainment 
g) Ne correlation was possible regarding the combustion 
efficiency. However, it was established that the 
distribution of the fuel to the bed plays an important 
part in attaining good combustion efficiencies. The 
use of the overbed feed system resulted in significant 
improvements in the combustion efficiency compared to 
the underbed feeder due to the better distribution 
associated with the above bed feed system. 
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h) The carbon content of the coarser ash fraction was 
significantly higher than for the finer particles 
indicating the potential for improvement in separating 
and refiring this c~arser fraction. 
i) The entrained ash size gradings lie within three 
distinct bands, dependent upon the original grading 
of the fuel fired and the type of feed system employed. 
General 
j) The bed expansion data were correlated by a method 
normally utilized for gas-liquid systems. The data 
,:were correlated by .a least squares analysis and having 
,:-_a correlation coeff.icient of 0, 976 by the equation 
= 1,392·uf + 0,383 (33) 
k) The heat transfer coefficient at va:tlous levels in the 
bed was measured by means of an adjustable heat transfer 
probe. It was found that the heat ~'ra_nsfer increased 
significantly in.the cloud zone of~the bed when the bed 
was operated sub-stoichiorrotrically. 
I 
6.2 RECQMMENDATIONS FOR FURTHER WORK 
a) Laboratory scale testing to evaluate the fundamental 
combustion phenomena as well as the evaluation of attri~­
tion rate data for a number of South African coals should 
be undertaken. Although this information will not assist 
in the detailed design of industrial fluidized bed com-
bustors, it would indicate trends and possibly highlight 
operating conditions where improvements in the plant 
performance could be obtained. 
b) The combustion efficiency 6f the shallow atmospheric 
fluidized bed combustor utilizing a coal with a high 
. · .. i 
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fin es ·con tent is low. Potential impr,overnents by 
recycling the entrained ash or by combustion of. this 
ash in .a .separate .be·cl should he· investigated. 
,'.' 
; '~ 
.,; .. ~. 
/ 
·.·,· .. _:, 
.. 
' 
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APPENDIX A 
DETAILED .DESIGN OF COMPONENTS 
A number of details pertaining to different components of the 
test fatility are included on the following pages. These 
details are not nBcessary for the general understanding of 
the operation of the test facility but provide information 
which may be of value when comparing results with similar 
forms of equipment. 
In addition, a number of photographs of the test rig are 
included to facilitate an undBrstanding of the layout and 
general dimensions of the "test facility. Thesr:: photographs 
have been incl_uded ;after the drawings and ara labelled as 
Plates Al to A6. ~brief description is prod~ced below for 
each of the figures and photographs. 
·;;. .. 
Figur~e Al : Cross Section. of the Combustor Vessel 
. . - . 
The combustor vessel is supported on three legs and stands 
some 1 200 mm off the ground level to ·facilitate the removal. 
of the windbox and to provide easy access to the inside of 
the flue. -The position of the windbox is indicated in 
dotted lines together with the position of a 100 mm slu~ped 
bed of inert material. Special note should_be made of the 
secondary air windboxes, the positions of the pilot burners, 
c::ind the arrangement of the downcomer pipe for th_e provisi~n 
of a natural circulation coaling loop. For simplicity fhe 
horizontal cooling tube has not been included in the diagr~m. 
Figure A2 : The Primary Air Windbox 
The primary air windbox extends 200 mm into the combustor 
vessel to which it is bolted. An dsbestas se~l on the 
flange which bolts to the vessel prevents any leakage of 
fluidizing air from the vessel. The figure further includes 
-A2-
the arrangement of the fluidizing nozzles on the upper 
surface of the windbox. 
Figure A3 ; Fluidizing Nozzle and Stub Attachment 
The fluidizing nozzle is fabricated from hexagonal bar to 
enable it to be bolted to a stub which is Welded to the upper 
plate of the windbox. 
in F i,g u re A 3 . 
Both nozzle and stub, are illustrated 
Figur~ A4 : Lavout of,the,Ai~,Supply Pipe~ork 
to the Combustor Vessel 
Air frnm the high pressure fan is divided into primary and 
secondary air flow streams. The positioning of the oritice 
plates should be noted. A further air connection is requi!ed 
for the pneumatic spreading air. 
Figure AS': Layout of the Coal Fe§d System 
An inclined screw conveyer transpor~~-the'coal from an 
external h_opper to a storage bunker ~it·h-in- the test rig 
\_ 
building. This is illustrated in Figure AS together with 
the relativi ~osition of the coal feedchutes and related 
drum and screw feeders to the combustor vessel. Pressure 
switches on the coal bunker start the inclined conveyor when 
the level falls below the lower switch dnd stop the conveyor 
when the level of the coal activates the upper switc~. 
Figure A6 : General Arrangement of the Co6ling Tube 
in,the 1 ODO mm Diameter Test Rig 
Penetrating tubes were welded into the test rig to accommodate 
a cooiing tube ~ith a maximum outside diameter of about 80 mm. 
The cooling tube is located 170 mm off centre to enabLe the 
movement of the heat transfer probe in the central ash pipe. 
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From Figure A6 it is evident th~t the cooling tube can 
easily be removed and replaced by another h~ving a different 
diameter. 
Fi9ur~ A7 : General Arrangement of the 76,2 mm 
Diamete! Cooling Tube 
The cooling tube is con~ected to a 25 mm NB ~ooling water 
circuit. As the tube to be tested consists of a 76,2 mm 
NB tube, the relevant expansion and reduction pieces hav~ 
had to be fitted as illustrated in Figure A7~ Eight 1,6 mm 
grooves have been ~illed 2 ~m de~p into the tube at the 
locations indicated to enable 1,5 mm diameter stainless 
stael she~thed chromel alum8l thermocouples to b8 s~!v~r 
soldered into the tube wall. 
Plate Al : The Fluidized Bed Combustion Test Rig 
;_ 
The photograph was taken prior ta modifications required to 
introduce the horizontal cooling tube a~d before the drive 
for the above bed feeder had been inst~lled. In any event, 
the general layout of the test rig i~ clearly illustrated 
sho~ing the main start-up gas, the pilot burners, the aoove 
bed feeder and the screw feeder below, the coal bunke~, the 
secondary air windboxes and the ash removal pipe. 
Plate A2 : The Cro~s Section df the Fluidized 
Bed Combustion Test Rig 
The photograph is a sectional drawing of the previous Plate 
with labels to illustrate more cleaily the positioning of 
the various components. 
Plate A3 : Rear View of the Fluidized Bed 
Combustion Test Rig 
The photograph presents a second view of the combustor vessel 
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in order to illustrate the two primary air ducts, connections 
to the two secondary air windboxes, the 200 mm downcomer pipe 
and the control panel in the background. 
Plate A4 : ,CJ.ose~up of the F-luidizei;l Bed Combustion_ Test R_ig 
The photograph is a close-up of Plate Al to illustrate more 
clearly the gas ignition system, the bed prersure and tempera-
ture probes and the two coal feeders. 
Plate A5 : ThB Control Panel 
The photograph shows ihe various components associated with 
the control and monitoring panel. These include the carbon 
monoxide and oxyge.1 analysers, the manometer boards, the two 
multipoint recorders, the remote starting switches for the 
fan, etc, the damper control potentiometer, various alarms 
and the switch to activate the flame fa,.ilure protection 
-*" 
system. 
Plate A6 : External_ View of the Fluid{zed Bed Test Building 
The photograph illustrates the test building with the expanded 
combustor v~~iel projecting through it. A platform p~~vides 
access to instrumentation fitted in the exhaust gas ducting. 
The large steam pipe which vents to atmosphere is clearly 
evident behind the exhaust ducting which is connected to an 
existing stack via a square sectioned duct. The high pressure 
fan, main ~ir cont~ril damper aMd modulating~ mcitor, together 
with the associated primary and secondary air ducting should 
also be noted. 
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these operating conditions a more intense combustion takes 
place at the surf ace of the bed leading to temperatures in 
e xcess of the bed temperature and as a consequence resulting 
in high rates of heat transfer. The particulates are too 
dispersed in this zone to remove this excess heat to create 
the isothermal conditions which exist in the denser fluidized 
bed. 
i 
An important . feature of the shallow fluidized .. bed, is its 
expansion relative to its original height. This relative 
expansion is considerab ly greater in shallow beds than in 
deep beds. A large number of bed pressure resdings were 
obtained and correlated into an equation relating the bed 
ex~ansion to the fluidizi~g ~elocity. The correJ. at~nn had 
the eff8ct of smoothing the dynamic bed height data, particu-
larly in view of the fluctuating pressure readings on which 
this correlation was based. The expanded bed data, were 
utilized in deriving a correlation for the heat transfer to 
an immersed hori z ontal tube. However, ~;.the main f unction of 
expanded bed data lies in predic t ing the amount of surface 
which can be immersed\ by the bed under different operating 
conditions thereby defining the turn-down characteristic of 
the s ha 11 o \r! f 1 u j di zed bed . 
Heat transfer from the bed to both the surrounding wall ~nd 
an immersed horizontal tube have been studied. The informa-
tion was obtained at high bed temperatures and at velocities 
typical of those anticipated for industrial fluidized bed 
steam generating equip men t. In order to derive a correlation 
for the convective heat transfer coefficient, the radiative 
and convettive components were assumed to be additive in 
forming the total measured heat transfer coefficient. Further, 
the gas convective component was assumed to be negligible and 
as a consequence the resulting correlations relate to the 
particulate convective heat transfer coefficients. Two · corre-
lations were formed, the first referring to the heat transfer 
coefficient between the bed and the surrounding wall, and the 
second between the bed and the immersed horizontal tube. Both 
-Al l -
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APPENDIX. B 
DETAILED DESIG.N .. AND.~CALIBRATIDN OF· INSTRUMENTATION 
Mu~h of the instrumantation was specifically designed for use 
on the l OOO·mm diameter test facility. Details of the more 
important instruments are contained in this ~pp~ndix. Some 
drawings have been included at the end of the Appendix to 
illustrate their manufacture as well as their location on the 
test facility. 
B.l GAS T~MP£RAT~RE MEASUREMENT 
B.l.l Introduction 
It is of importance to be able ta m~asure the temperature of 
a body of gas accurately, in particula~·when both combustion 
and heat transfer processes are taking pla6e. The most 
obvious method of measurement is to insert a probe into the 
gas so that it attains the gas tempera~ure. The thermocouple 
::-epres8nts th3 most usual form of the probe and though the. 
simple insertion of a thermocouple into a gas stream may 
yield reasonable results at low temperatures, i.e. below 
200°c, use of such .a simple probe for the measurement of high 
gas temperatures can lead to a substantial difference between 
the me a s u red and the act u al g as t em p e rat u re ( 14 7) , ( 14 8) • "The 
reason for this is that a thermocouple records its own 
temperature and, if it is inserted in a mass of hot gas en-. 
closed by walls at a temperature lower than that of the gas, 
the thermocouple gains heat by convection and radiation from 
t he g as a n d lo s es · heat by rad i at ion to t h e w a 11 s . " ( 14 9) • The 
radiation from the gas to the thermocouple is in general much 
smaller than the loss ~f heat by radiation from the thermo-
couple to the surrounding walls. This net heat flow by 
radiation from the thermocouple is of the same order as the 
heat flow 'by convection from the surrounding gas. The 
-B2~ 
thermocouple reading will therefore be intermediate between 
that of the gas and the suirounding walls. Therefore, in 
order to enable the temperature of the thermocouple to 
approach that of the gas, the radiative heat loss to the 
walls should be reduced whilst the .convective heat tr~nsfer 
should be increased. These requirements can be achieved by 
mBking use of a suction pyrometer. 
B.1.2 The Design of Suction Pyrometers 
A suction pyromete~ consists of a thermocouple which is 
enshrouded by a n~mber of concentric radiation shields •. 
The gas is then drawn over the shields and thermocouple, 
therc;by imparting haat '.Jy ..::orvEctilln ta the system. By 
increasing the number of radiation shields, the radiative 
heat loss is reduced. However, on increasing the gas - · 
velocity the convective heat transfer increases initially·~­
until a velocity is reached at which cooling of the gas 
sample takes place within the probe as;a result of ~diabatic 
expansion. Land and Barber {150) recommend the use of a 
velocity of 150 m/s. In order to ass~ss_ the perfotmance of 
the in~trument, the efficiency of the~Ryrometer is intro-
- -- ·· t5o 
duced. ThiG has bee'l described by Land and BaT.ber <1~q) as 
fallows: 
"The accuracy of a suction pyrometer depends on the 
difference in temperature between the gas and the 
sur~oundings of the pyrometer. For this reason it 
is not possible to state the accuracy of a pyrometer 
---
of conventional design as "so man.y degrees Centigrade". 
If no gas is sucked past the thermocouple and the 
radiation shields, the pyrometer will have a certain 
error; when gas is aspirated past the couple and 
shields, a certain fraction of this error will be 
eliminated; we will call this fraction the efficiency 
of the pyrometer". 
-83-
The efficiency of the pyrometer can therefore be.given by the 
following equation: 
efficiency of pyrometer = (Bl) 
where ~ is the difference between the true temperature and 
that observed by a simple thermocouple, and -{} is the difference 
between the true temperature and that observed by .the pyro-
meter. Both metallic and refractory shields have b~en used 
! 
and though each refractory shield is equival~nt to two or 
three metallic shields because of their lower emissivities 
and thermal conductivities, the use of refractory shields has 
a number of disadv~ntages. In particular, the refractory 
shields are not very robust and are susceptible to damage as 
a result of th~rmal shock, they are difficult to fabricate, 
and finally, the efficiency of pyrometers with refractory 
shields has been found to deteriorate seriously with 
operation (147), (14 9), (150) as a result of increases in 
? ,·• 
emissivity necessitating frequent calibration to ensure that 
meaningful results are obtained. ? 
B.1.3 The Selected.Design 
·---, 
The most common type of suction pyrometer which is also 
commercially available is that as described by Land and 
Barber (1sm~ - It was decided to use a similar design ·which 
could be manufactured locally. In view of the experience 
of Godridge and Thutlow (15ll when using a suction pyrometer 
to measure the temperature of "dirty gases'' resulting from 
±he combustion of pulverized coal it was decided to modify 
--~-
the design of Land and Barber. The design makes use of 
three concentric Incolloy 600 steel pipes as the radiation 
shields. The end of the outer shield is closed by means of 
a refractory plug, causing the gas to enter the pyrometer at 
right angles to the axis of the shields. This is similar 
to the design used by the International Flame Foundation, 
IJrriui,den .... (152) who further recommend that the gas e·xtraction 
aperture be located downstream of the gas flow when perform-
ing measurements in a pulverized fuel jet. Details of the 
-B4-
design of the radiation shields are illustrated in Figure Bl. 
In view of the heavy dust burden emanating from the fluidized 
bed combustion process, such an arrangement would be of 
advantage to limit the particulate matter extracted by the 
probe. Godridge and Thurlow (15D have investigated the use 
of a stainless steel gauze mesh placed over the extraction 
aperture. Although this did restrict the extraction of 
particulate matter, the effect of the gauze ~s to cool the 
gas, thereby reducing the pyrometer efficiency. However the 
effect of the 9auze can be accounted for by conducting separate 
tests on the pyrometer with and without the g~uze shield. It 
is therefore recommended that the gauze shield only be used 
on the pyrometer when operating close to the fluidized bed 
3Lrface. 
The complete probe assembly is shown in Figure B2. The probe 
consists of a stainless steel water jacket made up from 
standard tubular components. The radiation shields are 
attached to the end of the jacket, whi.:fot a ceramic sheathed 
chromel-alumel thermocouple is fitted down the central axis 
of the probe such that the tip is locat~d within the radia-
tion shields. Means are provided for e_~}racting the gas 
over the thermocoupla and shields as well as for providing 
cooling water to the jacket. 
B.1.4 Performance and Operating Requirements of the Pyrometer 
The performance and operating requirements of the pyrometer 
having the radiation shields illustrated in Figure Bl can_·!Je ____ _ 
estimated as follows: 
Cooling water pressure at inlet - 1,5 bar (20 to 40 psig} 
Maximum gas extraction rate - 139 l/s @ 1 000°C 
Maximum gas temperature - l 150°C 
Thermocouple ~- Ceramic Sheathed Chromel Alumel 
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Table El Anticipated performance of the pyrometer 
illustrated in Figure Bl and having gas 
drawn over it at a rate of 0,039 kg/s 
Temperature Efficiency Gas Velocity 
(oC) ( % ) m/s 
600 99 ~ 103 
800 97 126 
1 000 93 150 
1 150 87 150 
B.1.5 Ceramic Measuring Probes 
In view of the high sampling gas flow rate required for th~­
eff icient operation of the suction pyrometer, as well as from 
an economic and operating view point, C?.nly two suction pyro-
.r-«1· 
meters were fabricated. Therefore a series of modified gas 
temperature measuring probes have been,installed at differe~t 
levels in the 1 000 mm diameter test ~{~. Each of the 
probes consist of a 15 mm OD ceramic ±adiation shield in 
which a ceramic-sheathed chromel-alumel thermocouple is 
located as illustrated in Figure B3. - Gas is induced to flow 
over the thermocouple by connecting the outlet of each ceramic 
radiation shield to a pipe which after passing through ~ 
filter is connected to an instrumentatiqn fan as illu~trated 
in the layout diagram of Figu~e E4. Each of these ceramic 
probes is calibrated by means of the higher efficiency mul ti_p_l_e __ 
shielded suction pyrometers. 
B.1.6 Calibration of the Incolloy Shielded Suction Pyrometers 
The efficiency: as defined by equation (Bl) of each of the two 
Incolloy Shielded s~ction pyrometers has been determined by 
the two methods suggested by Land and Barber (15~). The 
efficiencies have been found to be similar to those repre-
sented in Table Bl for the relevant operating conditions. 
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B.1.7 Location of the Gas Temperature Meas~ting Probes 
Gas temperSture measurements can be made at five different 
horizontal planes along the combustor vessel as illustrated 
in Figure B4. At eath plane, two probe access holes of 
53 mm ID are provided at right angles to each other. A 
ceramic measurin~ probe is located at each of these levels. 
However, although the suction pyrometers eould be installed 
at any of the five levels, only the two levels illustrated 
in figure B4 have .been utilized. 
B~2 THE HEAT FLUX METERS 
The heat transfer performance of furnaces in general assumes 
an average temperature and ther3fore a mean heat flux. The 
furnace section of the 1 000 mm diameter test rig comprises __ 
in effect a combined fluidized bed combustion and gasification 
section, and a freeboard zone in which ~he gasified components 
. '"'". 
are burnt to completion. This represents a complex combustion 
system and in order to arrive at an accurate representation 
of the ~ombustion process a more sophisticated approach is 
required. 
' Whilst the measurement of the heat flux in the freeboard will 
enable an assessment of the combustion process, its rnea~ure­
~ent through the wall enclosing the fluidized bed will enable 
the direct evaluation of the bed to wali heat transfer 
coefficient. 
B.2.1 Designs of Heat Flux Meters 
Wheater and Howard (153 have calculated the heat flux by 
measuring external tube wall temperatures by means of 0,65 mm 
diameter glass fibre .insulated thermocouple wire. The thermo-
couples were protect~d by means of a metal shield and the 
heat flux was deduced from this external temperature and the 
water temperature. Alternatively, two thermocouples may be 
embedded in the tube wall so that the temperature differential 
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can be measured directly. However, these seemingly direct 
methods ate difficult to apply, partictilarly as one has to 
ensure that the thermocouple does not conduct too much heat 
away from the point being measured, thereby indicating a 
false measurement. Northover and Hitchcock have developed 
a flush mou~ted disc type heat flux meter ( 154) as well as a 
meter based on the same principle for use in the measurement 
of heat flux to boiler tubes ( rss) to overcome these problems. 
' The principle is based upon measuring the te~perature 
difference induced across a thin pad which is exposed to the 
heat flux on the one side whilst being insulated on the 
other with the heat being allowed to flow to1111ards the peri-
phery of the plate. Anson and Godridge (136) have described 
th3 L'Se of a Farticularly ;nbust form of heat flux pad for 
measuring the heat flow to cooling water tubes based an a 
similar principle to that employed by Northover and Hitchcock 
. t5'l ( 154). A portable heat flow meter which permits a differen-
tiation between the convective and radiative heat fluxes has 
been designed by Hoogendoorn et al (15~} which is also based 
on obtaining a temperature differential across a disc. From 
the above it is evident that although s~yeral designs for 
heat flux or heat flow measuring devices have been proposed, 
these can be divided into two general categori~s. In the 
first the original direction of the heat flow is undisturbed 
within the ~e~t flux meter, whilst in the second the heat 
flow is caused to change direction. 
].2,2 The Design Selected 
The basic requirements of a device to measure-the heat flux 
in the 1 000 mm diameter test rig can be listed as follows: 
a) it should enable accurate measurement of the 
heat flow 
b) it is to be robust 
c) easily manufactured 
d} the surface properties should be similar to the 
heat exchange surface being analysed. 
- ~ :, 
I .· ·~ 
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It was decided to apply a design simiJ.ar to that of Anson and 
Godridge (136) for the measurement of the heat flux in the 
l 000 mm diameter fluidized bed test rig. Details of the 
heat flux pad are given in Figure 85, whilst the attachment 
of the pad to the furnace wall is illustrated in Figure 86. 
The pad receives heat on one side, and is effectively in-
sulated by an air gap of 2 mm at the rear. Two heavy 
longitudinal welds attach the meter t6 the wall of the 
vessel and provide a relatively unimpeded path for the heat 
flowing from the pad. Provided that the thickness of the 
pad is small compared to its length, the isotherms o_r 
constant temperature lines will be parallel and almost 
perpendicular to the length of the pad. By inserting a 
thermocouple in the centre of the pad, the heat flux can 
be deduced from the reading of a second thermocouple located 
a distance 11.f" from the' central couple. Ans on and Godr :i_dge 
(136) obtain the following formula for the heat flux when 
using such a thin pad: 
qi. = 2 • (T - T ) • k ·a /7, 2 0 1 . (B2) 
However, a modified formula would be necessary to enable its 
application to thick pads. Such a formula is given below 
which enables the use of equation (82) which has been derived 
from one dimensional theory for the two dimensional case 
= (BJ) 
where C is a calibration factor for a particular heat flux 
pad. 
Llewelyn (157) has conducted a two dimensional analysis of 
the heat flow and temperature distribution in_a heat flux pad 
. . \ 
using complex variable theory. He found that errors arising 
from the one dimensional treatment for thin pads are negligible 
I . . 
unless the outer thermocouple is very near.to the end of th.e 
pad. He recommends that for thicker pads, the thermocouples 
be located at a d~pth of approximately half the thickness of 
the pad, and that the ratio_ of the distance between the outer 
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and central thermocouples and half the pad length L should 
not exceed 0,6 or 
0, 5 ·L < o, 60 
B. 2. 3 The Manufacture of the HE!at f.lux Meters 
All the heat flux meters were.machined from flat bar by a 
numerical controlled machirie to the dimensions illustrated 
in Figure 19. It will be noted from the figure that six 
shallow holes are drilled into the rear of the meter. Three 
of the holes are of 1,4 mm diameter, whilst.the other three 
are of 1,8 mm diameter. As only the temperature difference 
is required, it was decided to attach constantan wires to 
the three 1,4 mm diameter holes for each of the thirty ora 
heat flux pads. The emf generated between the central and 
an outer constantan wire would thus be a measure of the heat 
flux rate. In addition to the constantan wires, stainless 
... :-.. ~. 
steel sheathed mineral insulated thermocouples are attached 
within each of the 1,8 mm diameter holes in four of the pads 
only. 
It was decided initially to inv~stigate the possibility of 
attaching the constantan wire to t~e heat flux pads by 
capacitance discharge welding. However the strength o~ 
the resulting connection was very poor even after varying 
the size of the capacitor, the discharg~ voltage and the type 
of closing switch. In view of the resulting weak connection, 
it was decided to silver solder the constantan wires and 
thermocouples to the heat flux pads. 
Silver soldering of the. wires and thermocouples provided a 
strong and positive connection to the heat flux pad which 
would be capable of withstanding much abuse during installation. 
However, it was feared that the silver s~!::der· may be lost 
during the welding of the pad to t~~ ,.~~§.~ .. ;I""ig. ·. Therefore a 
. v.;~::~.:~~;.~~:~~~::::·.t~,;~:_·· :·· ~-~ .. : . . - . -
strong air blast was applied during;Z:!he· ~elding process as· 
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well as the application of cooling water after each weld run. 
Careful adherence to the above procedure resulted in the 
successful installation of thirty of the thirty one heat flu~ 
meters. In the only unsuccessful attachment, an outer 
constantan wire became dislodged. As only the centre wire 
and a single outer wixe are necessary for the evaluation of 
heat flux, this meter_was not r~placed. 
B.2.4 locatibn .of the Heat Flux .Meters 
.The location of the heat flux meters is illustrated in Figure 
B7which is a development of the furnace walls as viewed from 
the inside of the furnace. In addition to the thirty one 
heAt flux pads, three stBinJ.ess st~el s~eathed 3 mm diameter 
chromel-alumel thermocouples were attached to the furnace 
wall. These thermocouples were brazed for about 50 mm along 
the furnace wall prior to remcival through the water jacket~-­
It was hoped to be able to infer heat flux rates from the 
measured wall metal temperatures, howe\L.:er the thermocouples 
were found to be relatively insensitive to changes in heat 
flux and only the heat flux .meters have- peen utilized to 
measure the heat flow. 
B.2.5 Performance .Prediction or the Heat flux Meters 
In order to assess the perfor~ance of the heat flux pad and 
further to ensure that the isotherms are not greatly distorted 
by the geometric configuration of the pad, a detailed heat 
transfer analysis was undertaken. It was initially decided 
to solve the heat conduction problem manually by means of a 
standard numerical relaxation technique (158,p. ·96-114), 
(15~ ch.9). However, with 78 points chosen for solution, 
the method was tedious. An attempt was thus made to solve 
the problem analytically. 
As little heat is transferred along the unwelded edge of the 
heat flux pad, the evaluation of the heat conduction through 
the pad can be obtained by considering the two dimensional 
--Ell-· 
steady state conduction of heat in a rectangular section 
40 mm long by 4 mm thick containing no sources or sinks. 
This is represented by Laplace's equation in cartesian 
co-ordinates. 
= 0 (B4) 
The heat flow is symmetrical through the centre-line of the 
pad and the co-brdinate system is illustrated in Figure_ BBa. 
A constant heat flux 1 ~ 1 is assumed at the upper surface, 
whilst the lower surface is thermally insulated. At the 
welded edge, ie 20 mm from the centre line, the temperature 
profile is assumed to be a linear function in 'x'. Thus 
from Figure BBa, the f ollow.lng boundary conditions for equation 
( B4) can be establish·ed: 
at x 0 k ()T q, = - dX = 
x = a : 
aT 0 dX -
y 0 ()T 0 = : ()y = 
y = b : T 
'-. 
:::: f (x) \ 
Albrecht (160) has presented a solution for equation (B4) 
under similar boundary conditions by making use of the 
Dirichelet theorem for a discontinuous function. The solution 
of the equation is therefore not presented in this Appendix. 
By modifying Albrecht's solution for the particuler co~ditions 
given by the boundary conditions above, the solution to 
equation (B4) is given by-equation (BS): 
= 
2 ·('1.1 -T ) 
. 1 2 T + 
0 
+ 2 <I> b 
k 
'!T2 
co 
n=l 
()() 
1 - cos (n'!T) ~ n2·cosh(nnb/a) cos(nnx/a)-cosh(nny/a) 
n=l 
·rr TI 'IT 
sin(2n - 1J 2 .c:osh(2n -l)(x - aJ 9b·cos(2n-1)1!1L ~ 2b 
·rr 2 1fa (2n-1J 2 ·4 ·s·inh(2n-1)2b--. 
(BS) 
Equation (B5) has been used in plotting the isotherms of 
Figure.B8bfor the following conditions: 
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(i) heat flow rate at the upper surface is 200 kW/m 2 
(ii) thermal conductivity of the materi~l is 50 W/mC 
(iii) at the welded edge the temperature. varies from 
199 to 201°C. 
From Figure B8b it is clear that the pad behaves almost in 
accordance with the one dimensional theory, or as a thin pad. 
With the monitoring thermocouples 9 mm apart and using- the 
conditibns given a temperature differential of 40,5°C is 
deduced from the thin pad theory using equation (B2). From 
Figure BBb the temperature difference between the thermocouples 
is al£o 40,5°C which implies a correction factor of 
c = 1,00 
in equation {BJ). 
Where constantan wires are inserted in the holes of the heat 
flux meter, the heat flux can be monitored by measuring the 
difference in potential between the two iron-constantan 
junctions. By assuming that the heat flux meter will have 
0 
a temperature ranging from 200 to 300 C the heat flux meter 
coefficient relating the heat flux per unit potential 
difference between the two junctions will ba given by 
heat flux meter coefficient = 88,98 kW/m 2/mV 
B.3 PARTICULATE SAMPLING 
A kncwledge of the characteristics and composition of the 
material entrained from a fluidized bed combustor is a major 
prerequisite for determining the performance bf the plant. 
As it is almost always impossible to collect all of this 
entrained 0aterial, an adequate sampling procedure has to be 
adopted. It is therefore, the object of this section to 
provide details of an acceptable dust sampling system as well 
as the design of the dust sampler used in the l 000 mm diameter 
fluidized bed combustion test rig. 
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Sampling for particulates requires more detailed concern 
about the sampling rate than does gas sampling. Represen-
tative sampli~g is obtained only if the average velocity of 
the stack gas stream entering the probe nozzle is the same 
as that of the gas in the flue at the· sampling point, i.e. 
isokinetic sampling. "If the sampling velocity is too high 
( super-isokinetic samp.ling), there will be a smaller con .... 
centration of particles collected (betause the inertia of 
I 
the larger particles prevents them from ente~ing the nozzle). 
Alternatively in subisokinetic sampling, where the sampling 
velocity is below.that of the flowing gas stream, the gas 
samples ~ould contain a higher-than-actual particulate 
concentration (because heavier particles will enter the 
nozzJ e and light par.ticJ.es will be di\/erted}" ( 16i). However, 
Hawksley et al (162,pg.40) indicate that the error from 
sampling anisokinetically is small for co~rsa grit particles, 
i.e. particles much larger than 75 microns, and for fine so-0t 
particles or particles smaller than 3 microns. It was 
therefore evident that isokinetic samp,11ng would be necessary 
in the analysis of the entrained material from the fluidized-
bed combustion test rig. 
--·----- ----
"A considerable amount of useful sampling technique information 
has b~en developed some of which_ has appeared in the literature, 
~and while efforts are being made by professional and industrial 
organizations to standardize procedures, progress in this 
effort is relatively slow" (163). Different investigators 
tend to utilize different techniques as·a matter of preference 
or to suit the variety of operating conditions which might 
exist, making the task of standardizing a best procedure most 
di ff icul t .• 
Several different types of e~uipment are commercially available, 
whilst detailed designs have been published in the literature 
to enable the potential user to design equipment specific to 
his needs. The basic principles of the main types· of equip-
ment are _described below, as details can be obtained from the 
references. 
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B.3.1 Apparatus Reguirements 
The basic app~ratus requirements for the sampling of dust 
laden gases are contaihed in the standards BS 843 and BS J405. 
Holton and Schultz ~l64)quote similar basic ASME code require-
~ents. The essent~al features of the equipment are therefore 
a nozzle for insertion into the gas str,eam, a filter for re-
moving the particulate matter, means of ensuring isokinetic 
sampling, a· mean~ for measuring the volume flow rate of the 
g~e and an exhausting device. 
In t.erms of BS 84 3 : 
"When sampling a dust laden gas it is essential to 
ensure' that the sample of gas witndrawn at ecicn 
indiv±dual sampling point is truly representative 
of the gas at th~t point. Having withdrawn such 
a sample it is then necessary to remove the solid 
suspended matter and to measure the volume of the 
.:, .. ;;;..... 
gas filtered. The temperature, pressure and humidity 
of the gas at the point where the volume is measured 
will need ta be determined. Ta perform the foregoing 
operations any satisfactory fa·r~- aL.sampling device 
must therefore comprise t~e following five es5ential 
parts 
(i) A tube or nozzle for insertion into the 
gas _stream for withdrawing the gas sample. 
(ii) An efficient filter for removing the 
suspended matter from the gas sample. 
(iii) Means for ensuring that the rate of 
sampling is approximately equal to the 
gas velocity at the point of sampling. 
(iv) Means for measuring the total volume of 
the gas filtered. 
{v) An exhauster far drawing the gas through 
, tt 
the sc/mpling nozzle and filter. 
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From the above broad· outline a number o-f different forms of 
sampling equipment have been described in the literature. 
Hawksley et al(l62,p.4) divides these into two groups, the 
first in which the solids-collecting device is mounted 
outside the flue, and the second in which the solids-
colle~tin9 device is mounted adjacent to the sampling nozzle. 
The probe f6r the 1 ODO mm diametEr test rig will be of the 
former group, to facilitate removal of the s~mple. After 
a number traverses a single representative point may be 
established and the sampling device could then be maintained 
in a fixed position throughout the test. 
With respect to the filtering device, this can be achieved 
~y means cf a hi]h ef~isi~n~y cycJ.~ne, a wet scrubber type 
of filter, or use can be made of a dry filtering medium such 
as filter paper or alundum. 
B.3.2 Nozzle and Probe Assemblies 
· ... :.;;.,. 
Due to the need for sampling under a wide range of stack 
conditions, probes with interchangeable nozzles are often 
used in stack sampling. This permit_s __ a w·ide range of stack 
velocities to be analysed with a constant pressure drop 
filter such as a cyclone which may be effective in removing 
-solids of a particular size within --a limited velocity ra.nge. 
"The balance-draught o~ null type nozzle assembly has been 
suggested as a means to improve collection accuracy. The 
nozzles are designed using the null or static balance 
principle in which the static pressures on the inside and 
outside s8rfaces of the nozzle assembly are mbnitored. When 
'-...___ 
the ·sample flow rate is adjusted so that the values are 
equal, it is assumed that isokinetic sampling velocities 
have been achieved" ( 16.5). The null type nozzles illustrated 
in Reference (165)have been designed for use in ducts where 
the gas velocity ranges from about 5 to 30 m/s. 
A study on the use and effectiveness of null-type or static 
probes for isokinetic sampling yielded the following results 
{16(5): 
. ' 
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"Null.:..type or ~tatic probes do not assure isokinetic 
sampling unless they have been previously calibrated 
under typical operating conditions. The location of 
static pressure holes on the inner and oute~ surfaces 
must be based upon aerodynamic considerations. Out-
side press.ure must be measured at a p-oint where 
surface pressur.E is_ sufficiently lmver than that of 
the main air stream to compensate for ~he unavoidable 
pressure loss that occurs at the interior of the probe.". 
Indeed, they found that the deviation_from isokinetic flow 
in~reases rapid~y when duct velocities fall below 5 m/s, 
whilst furthermo~e it was found that the likelihood of a 
non-representative sample with coarse dusts is probable, as 
deviations at the lower velocities may approach 25% or more. 
B.3.3 Filter for Removal of Particulate Material 
As mentioned previously, the filteJr dey.;.ice can consist of a 
high efficiency cyclone, a wet scrubber type of filter or a 
dry filtering medium. As the flue gas~s will be extracted 
from the rig at temperatures above ~DOci~;·some form of gas 
cooling would be necessary should a dr~ -filtering medium ~e 
used. As the use of a wet scr_ubber is cumbersome, the 
-application of a cyclone to remove-the pa~ticul~te matter, 
beside~ being the most convenient for ease-of sampli~g, 
would appeBr to be the best alternative. Further, a cyclone 
has been designed (167)which theoretic~lly could remove all 
particles above l micron and which has been found to remove 
95% of all particles above 5 microns in practice. The 
cyclone p_roposed by Hawksley et al (162), (168) effectively 
collects particles above about 5 microns but cannot remove 
smoke particles below this size effectively. Should sampling 
of the smoke particles be necessary, a backing filter can be 
attached to the cyclone. A further advantage of the cyclone 
is that it removes particulate matter at a constant· pressure 
drop for a specific volumetric flaw rate. The cyclone can 
thus serve as a gas metering device for use in conjunction 
with a pitot tube to establish isokinetic sampling conditions. 
\ 
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B.3.4 Sampling Position 
Some publications have stressed the need .for a number diameters 
of duct length to be provided from flow disturbances upstream 
and downstream of the sampling probe (161),(169). However, 
Stairmarid (170) has studied the use of mixirig baffles both to 
obtain uniform gas flow and to Bnsure that the dust sample 
extracted should be representative. He found that by using 
a central b~ffle obstructing 50% of the free~ area, good 
mixin~ and hence a representati0e sample could be extracted 
at a length of three diameters from the baffle. In the 
discussion to the paper (170), Hurley described the use cif 
an orifice plate having an ap~rture of 50% of the free area 
bein~ employed to promote mixing so-as to.obtain a repre-
sentative sample two to six diameters from the orifice. 
Although the application of baffles and orifices, anrl the 
sampling in relatively long straight ~engths of ducting is 
conducive to more accurate results, other inaccuracies in 
'··~-· 
the sampling of particulate matter often result in the use 
of these stringent requirements being unnecessary._ Indeed, 
compliance with BS 3405 ) would resuli·in an accuracy of 
! 25% when determining the dust burden. ·-·· This standard 
requires that sampling be performed in some cases (from a 
__ 90° bend in particular) at a distance of only one flue 
diameter from the disturbance. 
B.3.5 Desion Selected 
The BCURA isokinetic dust sampler (16i),(16B) was selected~ 
for use on the 1 ODO mm diameter test rig. The main reasons 
for selecting this sampler are listed below: 
a) The sample probe is acceptable to the require-
ments of BS 3405. 
b) As no inteiest in soot or particles less than 
about 3 microns is envisaged, the sampler can 
be operated without a filter and therefore the 
sampling probe and solids separator is a constant 
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pressure drop device at a specific flow rate, 
thus simplifying the sampling procedure. 
c) The equipment is relatively easy to fabricate. 
d) The operation of the equipment has been well 
documented in the book by Hawksley et al ( 162). 
e) Detailed designs of the equipment are also 
contained in the above reference ( 162} re-
... 
sulting in a less rigorous calibration of 
equipment fabricated to a similar design 
locally. 
The general a~rangement of the equipment is contained in 
Figure B9 whilst Figure ElO contains the general arrangement 
of the cyclone. 
The equipment consists of a number of different sampling 
nozzles. For the range of velcicities expected during 
operation of the rig, three nozzles hc:we been designed 
having cross-sectional areas of l 250 ;m 2 , l ODO mm 2 and 
600 mm2 respectively. The nozzle is connected to a 32 mm OD 
stainless steel probe tube by means of an ·elbow type con-
necting piece. Gas· is withdrawn via ·the· ·probe tube to a 
cyclone which is located outside of the flue gas stream. 
-The cyclone and probe tube located-outside of the duct have 
to be insulated to eliminate corrections required to ac~ount 
for gas cooling when sampling isokinetically. A 3 mm 
diameter Cr-Al sheathed thermocouple is _located withl.n the 
probe tube to establish the temperature of the extracted 
gas. A second thermocouple may be placed immediately 
downstream of the cyclone to ensure that those components 
outside of the flue gas stream are adequately insulated. 
The solids removed by the cyclone are deposited in small 
containers which are simply screwed onto the base of the 
cyclone. 
' A deviation from the design proposed by Hawksley et al (162) 
is the attaching of a pitot tube to the probe to enable gas 
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velocity variations in the vicinity of the probe to be easily 
mon.i t ored. 
B.3.6 Anticieated Oper~ting Curves 
.It is assumEd that the lowest pressure difference whidh can 
be measur:ed .. on an inclined manometer is 0,5 mm IJ.Jg. Figure Ell 
illustrates the free stream velocity corresponding to a parti-
cul.ar pressure differential measured by· the pilot tube at 
different temperatures. The constant diameter lines super-
~mposed on the graph indicate the velocities which would be 
maintained in.the particular duct at the respective temperature 
for the maximum mass flow rate of 4263 kg/h~ 
Figure Rl2 illustrates the anticipated pressure to volume 
ch~racteristics of the cyclone. In order that the cyclone 
removes particles of size greater than 5 microns efficiently~ 
a minimum pressure drop of 175 mm Wg is specifi~d, whilst 
the maximum value of 950 mm Wg indicate,.d is as a result of 
limitations imposed by the suction device or the inconvenience 
of changing from a water to a mercury m~~ometer. Figure Bl2 
• I · •. 
has been drawn to illustrate the operating.range of the 
suction probe whilst using the 1 000 m;2 nozzle. 
B.4 THE HEAT FLUX PROBE 
The heat transferred in a shallow fluidized bed is largely 
dependent on the bed expansion and the prevailing heat 
transfer coefficient. Further, the high heat transfer in 
the dense-bed zone would appear to extend to the less dense 
'cloud' zone above. In order to have a better understanding 
of the heat transferred in a fluidized bed combustion furnace, 
accurate information is required on the effective height of 
the fluidized bed, on the extent of the heat transferred in 
the cloud zone and the relative rate of heat transferred in 
the bed and in the cloud zones. 
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Inf6rmation on the in-bed heat-transfer coefficients can be 
obtained by means of heat flux pads, whilst the expanded bed 
height can be established by means of static pressure probes. 
Although the information obtained by the heat flux pads is of 
sufficient accuracyp their b~ing fixed to the vessel tends to 
limit their usefulness. Further, the static bed height 
determined from the static pressure probes does not 
differentiate between the dense ·or the cloud.zones of the bed. 
~ 
The movable heat tran~fer probe overcomes many of these . 
difficulties. Besides being able to ·give an accurate 
evaluation of the relative heat transfer coefficient at 
different levels within the bed, it also enables the heat 
t~ansfer ccafficient imm3di~tEly above the bEd tc bE m3asurnj 
for th8 shallower beds. The arrangement of the test rig and 
access to the bed via the ash port did not permit the exten-
sion of the probe to a level greater than 350 mm above th~ --
base of the bed thus precluding the me~surement of heat 
transfer coefficients above the deepe~~eds. 
B.4.1 Design of the Heat Flux Probe 
The heat flux probe is based on the principle of measuring 
the difference in temperature betweeri two points in a con-
ductor having a well defined geometry. The probe is 
introduced via the central ash pipe. S~als have been 
designed and fitted to the ash pipe to prevent wedgi~g of 
th~ probe in the pipe. The general ariangement of the 
heat transfer probe within the ash pipe and including the 
relevant seals is illustrated ~n Figure 813, whilst a 
diagram i1lustrating the operation of the probe is contained 
in Figure 22 of the main body of the thesis. 
The heat transfer probe is located at the end of a cooling 
jacket section and is made up of an 11,5 mm thick stainless 
steel cylindrical section with cooling water being caused .to 
flow over the core of the cylinder. The cylinder has a 
diameter of 38 mm with an effective length of 25 mm. The 
probe was designed to_ ensure a high velocity of the cooling 
·• 
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water on the inside of the probe thereby ensuring a high 
internal heat transfer coefficient. A recess on the upper 
surface allows a sta9nant layer of sand to collect on it, 
thereby restricting the heat transfBrred. A constriction 
on the lower side similarly reduces the heat transferred in 
this region. Therefore heat is transferrerl almost exclusively 
in a :cadial direction through the thick cylinder. The 
temperature difference between two thermocouples located 
at well defined positions in the probe yield~ a direct 
measure of the heat transferred. 
B.5 PERrDRMANCE QF THE .OXYGEN ANALYSER 
A polarographic oxygen analyser was used for the monitoring 
of the oxygen content of the flue gases. The analyser 
utilizes a polarographic sensor which is charged with an 
aqueous potassium chloride solution. This solution is 
separated from the gases by a Teflon m.i=;.mbrane which is 
permeable to gas. A fixed potential is applied between 
a cathode and an anode immersed in the~~olution. Oxygen 
diffuses through the membrane causin~ ~n 6xidation reduction 
--- .. ---
reaction resulting in a current flow proportional to the 
partial pressure of the oxygen present in the sample. 
B.5.1 Response of the Oxygen An~lyser 
The response of the analyser to the sudden introduction of 
nitrogen when monitoring the oxygen level of dry air and 
vice versa has been assessed. The results of these analises 
are given in Figure Bl4. The first two curves in this 
Figure represent the introduction of nitrogen after the 
sensor had been exposed to air for an extended period, 
whilst the second set of curves represent the subsequent 
introduction of dry air to replace the nitrogen. The curves 
having the poorer response correspond to a sensor in which 
the electrolyte had been replaced a few hours prior to the. 
test whilst the curves with the better response correspond 
to that for a sinsor which has been in operation for over 
24 hours. 
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APPEND IX. C 
CHARACTERISTICS .OF THE .COALS BURNT AND 
THE SAND. USED AS THE BED . MATERIAL 
Two types of coal have been used for the tests. ThB coals 
differ mainly with respect to their size gra~ing whilst 
being ve~y ~imilar with rSgard to their calorific value 
and chemical analyses. The first coal contains a large 
proportion of fines and is designated·as "duff" coal. The 
second coal is largely devoid of fines ~nd has been referred 
to as "low fines" coal. The duff coal was burnt during 
tests ~ tn 39 dnd 51 ~o SJ, whils~ t~e low fin!s =oal ~as 
utilized for the remainder of the tests. The surf ace 
moisture content for most of the tests for which results 
have been obtained was low and the coal can be considered ---
to have been fired in an air dried condition. Most of the 
tests in which wet coal was burnt resu:fted in poor operation 
due to erratic feeding and consequently only a few results 
were obtained with the wetter coal. 
C.l COAL ANALYSES 
A number of coal analyses were undertaken during the test 
period. The variation between analyses was small. The 
proximate and ultimate analyses of Tabl~ Cl are represen-
tative of the coals burnt during the test series. 
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Table.Cl Chemical. analyses of the coals on an air dried 
basis 
Proximate Analxsis 
Ash 
Total Moisture 
Volatile Matter % 
Fixsd C.arbon· (by diff.) % 
.% 
Ultimate.Analysis 
Ash 
Moisture 
·Carbon 
Hydrogen 
Nitrogen 
Sulphur 
Oxygen (by di ff.) 
Heat Content 
% 
3 
% 
% 
% 
% 
% 
% 
·Gross Calorific Value MJ/kg 
Nett Calorific Value MJ/kg 
C.2 SIZE GRADINGS 
Duff 
Coal 
17,98 
2,00 
'26,31 
53,71 
100,00 
17,98 
.. 2, 00 
.. · .. §.:.6,93 
3,59 
:l ,7 4 
0,67 
·· ... 
7~-09 
100,00 
2~,23 
25,37 
Low fines 
Coal 
14,94 
2,50 
25,35 
57,21 
100,00 
14,94 
2,50 
68,20 
3 ,_8 7 
1,69 
o, 7_4 
8,06 
100,00 
27,04 
26,20 
The coal size gradings have been determined on a cumulative 
percent by weight und~rsize and are listed in Table C2. 
Figure Cl graphically illust~ates th~se gradings as smoothed 
curves as required by BS 1796 of 1976, whilst these same 
curves have been plotted on Rosin~Rammler paper as Figure C2 
. / 
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to facilitate their interpretation. Included in both these 
curves is the size grading of the bed material, i.e. the 
silica sand. This enables an easy comparison to be made of 
the different materials. 
The silica sand has a very close size grading with a mean 
.particle diameter of 0,847 mm. This sand was used as the 
bed matexial for all of the te~ts to date. Although coal 
ash remains in the bed material, frequent ~eplacement of 
the bed material prevented the size grading from changing 
significantly during a test run or between runs. The size 
g.rading of this .sand is listed in Table C3. 
Table C2 Coal Size Gradings 
Duff Coal Low Fines Coa_l 
Sieve Cum % Cum % % ret. % ret. Size by Wt. by Wt. 
(mm) on on Undersize :.. :;:;..·. Undersize 
-·-
6, 3.5 2,2 97,8 13,l 87,0 
--
4,76 5,3 92,5 18 -·4-,_ 68,6 
2,00 20,9 71,6 44,-6 24,0 
l ,_00 19,l 52,5 15,5 8 5 , -
-
0, 600 13,3 39,2 
-
3,9 4,6 
0,420 9,7 29,5 1,3 3,3 
0,211 14, 4 15,1 1,2 2~1 
Pan 15,1 
-
2,1 
-
Effective Size 0,16 mm 1,00 mm 
4,20 Uniformity Coefficient 8,12 
Mean Particle Diameter 0,409 mm 1,676 mm 
NOTE: 1) The effective size is defined as the corresponding 
sieve diameter through which 10% of the material 
will pass. 
2) The uniformity coefficient is the ra~io of the 
corresponding diameter through which 60% of the 
material will pass and the effective size. 
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Table CJ Size 6rading of the Bed Material 
Sieve Cum % 
Size % ret. by Wt. 
(mm) on Undersize 
1,41 0,3 99,7 
1,19 
.2' 7 97,0 
1,00 16,7 80,3 
0,84 25,3 55,0 
0,71 47,0 8,0 
0,59 7,7 0,3 
0,50 0,3 0,0 
Effective size 0,716 mm 
Uniformity coeff. : 1,27 
Mean Particle dia. 0,847 mm 
C.3 MATERIAL DEN~ITIES 
The bulk densities of the two coals and the silica sand.have 
been determined as: 
Bulk densities of 
duff coal 
low fines coal 
silica sand 
/ 
= 
= 
= 
930-kg/m3 
850 kg/m 3 
1 640 kg/m 3 
/ 
In addition, the particle_ density ·of·the silica sand was 
determined by means of th~ 5.G. bottle method of BS· 1377 of 
1975 as 2640 kg/m3. · \ 
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APPEND IX. D 
GENERAL CALCULATIONS 
In the assessment of the performance of the 1 000 mm diameter 
fluidized-bed combustion rig, a number of different calculations 
have had to be performed. A general outline 9f these calcula-
tional procedures is given in this Appendix. 
D.l COMBUSTION . CALCULATJONS ASSU.MING COMPl_ETE COMBUSTION 
Tha familiar chemical reactions resulting in the formation of 
-
carbon dioxide, sulphur dioxide and water vapour are assumed to 
take pl&ce during the combustion of coal with the oxygen 
contained in the air. Thesa reactions are quoted below: 
c + 02 -+ C02 
.; .. 
.:IA"·; .. 
/ 
s + 02 -+ S02 
H + %"0 2 -+ H20 
By making use of the ultimate analysis of the coal as given in 
Appendix C, the resulting flue gas components can be dete~mined 
~or the complete combustion of the cual in air for stoichio-
metric combustion as well as at.different excess air levels. 
It is of value to obtain the flue gas components in order to 
determine the flue gas properties, as these differ from those 
of air even though the flue gas is made up mainly of nitrogen. 
Differences between the prop~rties of air and the res~lting :. 
exhaust gas_es are caused mainly by the presence of water vapour 
and carbon dioxide. Other quantities which are useful in any 
combustion calculation are the amounts of air required and 
resulting.flue gases per kilogram of coal burnt at different 
excess air levels. The excess air factor is defined as the 
' . 
ratio of the mass of air supplied to the ,~a~S 6f ~ir·· 
required for stoichiometric combustion. The results of two 
combustion calculations performed for the ~ombustion of the 
-D2-
duff coal with an ultimate ahalysis given by Appendix C with 
air are produced in Table Dl. The combustion air is assumed 
to contain 7 grammes of mois±ure per k~ of dry air. The first 
calculation has been chosen as that of stoichiometric combustion, 
whilst the second has been performed at an excess air factor of 
1,25. 
TABLE.Dl Results of Combustion Calculations of Duff Coal 
with Air of Moisture Content, 7g/kg of Air 
Excess Air level (-) 1,00 1,25 
Gas Composition (Vol. %) 
Carbon Dioxide 17, 73 14,30 
Water Va,wur 7,08 5,93 
Oxygen . -· 0,00 4,02 
Sulphur D·ioxide 0,07 0,05 
Nitrogen 1._5,12 75,70 
·····~-
Gas per kg of Coal (kg) 9; 469 11,63 
Air per kg of Coal {kg) B,680 10,85 
. ._ 
D.2 INCOMPLETE COMBUSTION 
The ~ombustion of carbon to carbon monoxide instead of carbon 
. 
dioxide is referred to as incomplete combustion. During some 
of the tests, and pa~ticularly during the use of the underbetj 
feeder substantial quantities of carbon monoxide were measured 
in the flue-gases. Further, when operating the bed sub-
stoichiometrically, besides hydrocarbons which are relea~ed 
for combustion in the freeboard, a large quantity of carbon 
monoxide is generated particularly at the higher bed temperatures. 
A fraction of the carbon, j1:~f) is assumed to burn to carbon 
dioxide, whilst the remainder, f, burns to form carbon monoxide. 
The excess air ratio is defined as the ratio of the actual 
-DJ-
amount of air supplied to the minimum amount required for complete 
combustion, i.e. the stoichiometric combustion air requirement. 
When carbon monoxide is formed, only half the quantity of oxygen 
is required to that needed fnr complete combustion to carbon 
dioxide. Therefore, by definitinn of the excess air f~ctor, 
some oxygen remains in the flue gas even at an excess air .ratio 
of unity should ca~bon monoxide be formed. The relationship 
between the excess air factor, oxygen and carbqn monoxide 
concentrations of the dry flue gas are illustrated in figure Dl. 
D.3 FLUE .EAS PROPERTIES 
The relevant thermodynamic properties of air have been extracted 
f~om Reference (17l}fo~ use in th~ theoretical model of Chapter 
4. Calculations requiring the use of these properties in 
Chapter 3 however, use the flue gas properties determined by 
the method suggested by Brandt {172l. This approach involves 
. .. : ... ~-.;;... .. 
two corrections for the carbon dioxide and water vapour contents 
of the flue gas to the corresponding value of the property for 
nitrogen at the respective temperature. ~~s the remaining flue 
-
gas components have only a minor effec·t·--on __ the respective 
_/properties, the result is very similar to that obtained by 
·' 
· c:~nsidering the effect of each gas--ct?_mponent individually and 
then adqing the separate effects by some mixing rule ( 173}·.' 
Figure D2 is a nomograph to illustrate the determination of 
the mean specific heat at different temperatures, allowing for 
the water vapour and carbon dioxide concentration of the gas_ 
D4 OVERALL CALCULATIONS 
A number of general calculations have been made. Most of 
these can easily be deduced from the tabulated results of 
Appendix G. However, the derivition of the relationship 
between the heat released in the bed and the bed operating 
parameters is of interest. This relationship forms the 
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primary input for deriving the furnace load condition in the 
theoretical model of Chapter 4. 
It has been found that the amount of heat released per unit 
mass of air burnt remains very much the same for different coal 
types e.g. bitu~inous, lignitic and so on, irrespective of the 
ash content or other parameters. Indeed for bituminous coal, 
about 3 ODD kJ of heat would be released for each kilogramme of air 
consu:med.. Further, at a . particular bed temperature, the 
velocity through the bed and hence the air flow rate-would be 
proportional to the haat released. It is therefore of interest 
to relate the heat released in terms of the bed op~rating 
conditions. This concept is developed below: 
the gas mass flow rate can be written as 
'-
M = P ·A ~u g .f f 
and M m • M · = g g .f 
the mass of air required per unit mass of fuel 
--
burnt can be written as \ 
m = MI Mf a a 
= m • A. ao 
and the resulting mass of gas produced per unit 
mass of fuel burnt can similarly be written. as 
m = MI Mf.) g g 
= ( A. - 1 ) • m + m ao go 
~ 
(Dl) 
(D2) 
(03) 
(D4) 
Now the heat released per unit mass of air consumed 
per unit plan area can be written as 
= 
GCV 
---
m ·A 
ao 
and by manipulation of equations 
following equation is derived 
GCY·M • m 
Qlib g a = m ·A A.·m 
ao g 
( D l) 
(D5) 
to ( D 5) the 
(06) 
,. 
' 
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After further manipulation of equation (D6) and substituting 
the values given in Appendix C for the duff coal, the following 
relationship is derived relating the heat liberated or released 
per plan area in terms of the bed operating parameters: 
(D7) 
It.should be noted that equation (D7) refers to the gross 
calorific value. Further it is seen that from equation _(D7) 
the heat liberated is completely defined by the bed opera~ing 
parameters as the density is almost entirely dependent upon 
the bed temperature. 
Further, it can be shown from equation (D5) that the heat 
release can be determined from the air flow rate and the 
excess air factor. This latter factor is easily determined 
from the flue gas analysis cf Figure Dl. Therefore, the 
heat release can be .determined indapendently of the coal flow 
rate. 
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APPENDIX E 
THE OVERBED FEED SYSTEM 
The overbed feed system comprises a modified rotary drum type 
feeder and a pneumatic spreader. The design of the spreader 
was 'based upon tests perf armed on a small piece of test 
equipment having an aperture of rectangular 6ross section 
(3,5 mm x 145 mm). 
E.l FLOW CHARACTERISTIC OF THE PNEUMATIC SPREADER 
Th~ spreader has been fitt?d with a 170 mm lonq aperture which 
has been designed to enable the installation of removable 
inserts so as to permit a variation of the oimensions o~ the 
discharging aperture thereby changing the flow characterist-ic. 
The results of the tests with a 3,5 mm deep aperture are -
shown in Figure El which illustrates tl:;J:e pneumatic spreader 
discharge pressure as a function of the flow of air dis-
charging from the aperture. The rela~ionship of Figure El 
- - . 
can be described by equation (El) b~low~ 
"• ·--
M = 1, fi 1·10-:~ /p·h"" (El) 
-where M (kg/s) is the air flow rat-e·, p. (kg/m3 ) is the density 
of air_ and h* (mmWg) is the pneumatic spreader windbox 
pressure. 
Equation (El) implies that th-e discharge coefficient is 0, 726. _ 
·E.2 PNEUMATIC SPREADING TESTS 
E.2.1 Experimental Equipment 
A grid was fabricated and installed in the test rig to enable 
an assessment of the spreading capabilities of the above bed 
feed system. Details of the grid are illustrated in Figure 
E2 from which it is seen that the grid is made up of 25 
rectangular sections.superimposed upon the circular flue of 
-E2-
the test rig. Further, five zones can be established every 
200 mm from the pneumatic spreader discharge. The grid 
can further be raised and lower~d with respect to the 
spreader aperture thereby ~imulating different bed heights. 
E.2.2 Exp.er:imental Conditions 
. . . . . . . .. },.. .·· - .. · 
Spreading charactexistics were evaluated for various pressures 
I 
of the pneumatic spreader windbox, and for dlfferent bed 
heights. Three different coal flbw rates were employed, 
however, the effect of this parameter on the spreading 
characteristics could not be detected under the conditions 
investigated. Ten tests were performed. A summary of the 
tes~ con~i~inne is il~ustrated i~ Table EJ. 
TABLE El 
Bed 
Summary of the main operating parameters for the 
ten tests undertaken with the pneumatic spreader. 
: .. .:,:;:.. 
Height (mm) 
-
Win db ox Pressure 100 150. 200 
(mm Wg) 
----·· 
-
100 -- 10 
200 8 3 
300 5 
350 7 2*,.6 9 
*) where test 2 was conducted using duff coal. 
-The first two tests were conducted with the duff coal having 
a grading represented in Appendix C. The low fines coal 
represented in the same Appendix was used for the remaining 
tests. However, segregation of the fine from the coarse 
coal in the coal hopper resulted in a coal grading ~ar coarser 
than the original coal specification being fed to the test rig 
by the overbed coal feed system. The "as-fed" coal size 
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grading is contained· in Table E2. This size grading is 
representative of the coal utilized for Tests 3 to lO. A 
similar gradihg analysis was not performed for Tests l and 
2 during which the duff coal was used. 
TAB~E ~2 "As-fed" coal size grading of the low fines 
content coal utilized for Tests .3 to 10. 
11 A s.-f e·d" low fines Sieve 
5.ize Content Coal 
(mm) Cum. % by 
% ret. on Wt. less 
than 
... 
5,80 8,5 ,, 9l,·5 
4,00 17,5 74,0 
2,80 24,8 49,1 
2,00 18,1 31,1 
1,40 10,6 
. ~-. . ;;... . 
20,5 
1,00 7,3 13,2 
0,850 1,4 l·l, 8 
-
0,600 3,5 J3' 3 - ·-- --. 
C,425 2,0 6,3 
0,300 1,8 - 4,5 
--
0,212 1,3 3,3 
Pan 3,3 -
Effective Size = D,77 mm 
Uniformity Coefficient = 4,16 
Mean Particle Diameter = 1,20 mm 
E.2.3 Test Results 
The coal collected in each of the grid compartments illustrated 
in Figure E2 was collected ~nd weighed for tests 2 .to 10 thus 
producing a weight distribution. In view of the major pro-
portion of the coal being collected in the central portion 
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of the collecting grid in the direction of the pneumatic 
spreading air (i.e. in compartments 23, 18, 13, 8 and 3 of 
Figure B.2) the results have been formulated in terms of the 
five zones spaced equidistant frbm the pneumatic spreader. 
The accumulation of the coal iri the tentral compartments is 
illustrated in Figure E3 for Test 6. 
In order to establish the effect of particle size on the 
distribution characteristics of the above bed spreader 
system, grading analyses were performed on the coal collected 
in compartments 23 and 3 for tests 5 to 10. These samples 
would be representative of the material collected in Zones 
I and V respectively. In addition, a grading analysis was 
perf armed on the coal ...:ontair.ed in c.cn.partuent 8 (i.e. 
representative of Zone IV) for test 10. The grading 
analyses for Zone I and Zone V were very similar for each 
of the tests even though the test conditions were markedly--
different. The grading analyses for Zone I and Zone V for 
each of the tests can adequately be de·§~cribed by the curves 
drawn for Test 6 and illustrated in Figure E4. Also in-
cluded in Figure E4 is the "as fed" co~L ~ize grading. A 
summary of the results of the grading:an~~yses is contained. 
in TEible E3. 
E.2.4 Discus~ion of Results 
The results of the overbed spreading tests have been graphi-
cally represented by Figures ES, E6, E7 and EB. Figure E5 
illustrates the effect of grading on the distribution. Tbe 
"low fines" coal appears to be better distributed over the 
length of the furnace than the "duff" coal ~ue to the smaller 
proportion collected in the first 200 mm along the length of 
the furnace. The effect of bed height is illustrated in 
Figure E6 whilst the effect of pneumatic air windbox pressure 
for two different bed heights is represented in Figures E7 
and EB. 
From the figures it is evident that for a particular fuel size 
grading, and for a specific height of the coal feed aperture 
. '. 
~~; ··:t~.J-
. '· 
:('; 
~~I:::• >~ !• 
,.· 
_, 
-ES-
from the surface of the bed, improvements in the distribution 
of the fuel can be attained by careful selection of the 
pneumatic transport air flow rate. In order to en~ble the 
results to have more general application with regard to the 
"as-fed'' fuel size grading, the res~lts of the grading 
analyses of tests 5 to 10 have been e~amined in more detail. 
TAB!.,.E E3 Summary of grading analyses for coal spreading tests 
.· ~. 
· ·windbox Bed Effec- Uniformity Mean 
Pressure Height tive Co- Particle Size Efficient Diameter (mm Wg) (mm) (mm) (-) (mm) · 
~......._,_~---- ~---~~-- ... i--
-
Test 5 Zone I 299- 15[' 1,75 2,28 2,52 
Zone v 0,56 4,91 1,04 
. ---
Test 6 Zone I 350 150 1,7§ 2,22 2,56 
'· . ..Ill-· 
Zone v 0,56 4,91 1,05 
Test '·T Zone I 349 100 2,10 2, 0_3 2,71 
Zone v 0 ;74 -- 3,96 1,28 
i 
_, 
_Test 8 Zone I 198 100 . 1, 83 2,13 2,60 
Zone v 0 55 
'· 
4,42 ·1, 00 
·-
Test 9 Zone I 349 200 1,60 2,30 2,59 
Zone v 0,52 4,80 1,00 
.. 
Test 10 Zone I 99 150 1,40 2,60 2,49 
Zone IV 0,25 4 76 , . 0,53 
Zone v 0,66 3,53 1,04 
In particular, the coal has been divided into five size inter-
vals: 
less than 0,5 mm 
0,5 to 1,0 m·m 
1,0 to 2,0 mm 
2,0 to 4,0 mm 
greater than 4,0 mm 
: 
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The percentage of c~al collected in each of these size 
intervals for each of the tests for which grading analyses 
were undertaken is illustrated in the form of a histogram 
in Figures E9(a) and (b) for Zones I and V respectively. 
From Figure E9 it is evident, that although the zone nearest 
the feeder i.e. Zone I, collects mainly the larger particles 
whilst Zone V collects a largBr proportion of fine~, the 
coarse "as-fed" size grading of the coal tends to over-
" 
emphasize the collection of particles in the size interval 
2,0 to 4i0 mm aven in the zone furthest from the feeder. 
Therefore a further set of histograms viz. Figure ElO (a) 
and (b) has been derived, based upon the percentage of the 
particular size fraction in the original coal feed collected 
in the zo~e illustrEted. 
Figures ElO (a) and (b} therefore represent the anticipated 
size distributions for each particular size fraction and are· 
independent of the original "as-fed" size distribution. In 
order to obtain the size distribution f.>or a particular size 
grading~ the quantities represented in Figure ElO would have 
to be adjusted by the weight fractions ~ontained in each size 
interval. 
A major shortcoming of the tests- lies in the fact that they 
have had to be performed in the ab~ence of an upflow of air 
which would occur during normal operation of the test rig. 
This deficiency is easily incorporated by accounting for the 
lift imparted to the particle by an upflow of air in 
de~cribing the results of the overbed spreader. 
~~~~6 Conclusion~ 
The following conclusions may be made: 
a) The pneumatic spreader effectively distributes 
coal in the l ODO mm diameter test rig. 
b) For particular coal gradings and bed heights, 
a particular spreading air flow rate would 
result in improved distribution of the coal. 
-E7-
c) The results bf the spreading tests have been 
reduced to a form which is independent of the 
original coal grading. 
E.3 CALIBRATION. OF THE COAL.FEEDER 
The above bed rotary drum feeder was calibrated using the 
. ;. 
duff coal. The results of the feeder calibiation tests are 
illustrated in Figure Ell and have been fitted by a least 
squares analysis by equation (E2). 
-3 
.1,32 ·10 + 0,0416·n (E2) 
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APPEND IX F 
STATISTICAL. ANALYSIS 
"Statistical methods are predicated on the single.concept of 
variability. It is through this fundamental concept that a 
basis is determined for experimental design and analysis of 
data. In this sense, statistical methods are 1concerned with 
deriving maximum information from a given set of data (analysis), 
and conversely minimiring the amount of data (experimental 
design) to ~erive specific information.« (174, ch.2). The 
use of statisti~s in engineering and in general has been 
covered in a number of general and ~pecific publications. 
This thesis has made reference to a number of pu~lications 
and standard texts on the subject (174), (.175), (176), (177), 
(178) and (179). The more fundamental concepts such as 
standard deviations, hypothesis testing, correlation co-
efficients, distribution functions, analysis of variance etc. 
. . . .. '· ,~1/'--· . 
are not discussed here and the reader is ref erred to any of 
the above texts for more details. 
A major portion of this thesis is conceined with the deter-
mination of the factors influencing the combustion efficiency 
o-f. the fluidized-bed comb us ti~ rig. -- . A general description 
and definition of the terms and the approach employed in the 
multiple regression analysis is presented in this Appendix for 
ease of reference. 
F.l Multiple Regression 
Multiple regression methods are used to relate a dependent 
variable ( Y J to a number of independent variables (X1,x2 ... Xm) 
Only linear multiple regression will be considered and a model 
of the following form is postulated: 
y 
= + b ·x 
m m 
. (Fl) 
-F2-
T he co e ff i c i e ri ts of the rn o d e 1 ( b 
1
, b 
2
, • • • • b m ) are de term in e d · 
by the method of least squares. This involves minimising the 
squared differencas between .the observed value of the dependent 
variable i.e. y0 and that predicted by equation (Fl), i.e.~ 
Mathematically the solution is computed by taking the partial 
derivative with respect to each coefficient of the least squares 
equation 
s 
s 
= 
= 
(F2) 
(FJ) 
and setting the result of each partial differentiation to zero. 
This results in the following e~uations which may be solved 
simultaneously for bo, bl, b2, . . . . . . b . r:z 
bo + b1·[{X1} + ...... +''b · l.{X } = [{Yo} 
._m m 
2 l 
bOl.{Xl} + bi[{Xl} + ...... + b · l.{X · X } = l.{X1~.Y 0 } m 1 m (F4) 
= 
However it is convenient to transform the~above equations into 
' . ~. 
the standard normal.equations .. The fi;rsy step in this trans-
formation results in _the above ~quations --beTng transformed to 
' " those given by the equations (F5): __ _ 
bl. ( 5 X1) 2 + b2· 8 x1 x2 + ....... + bm· 5 X1 Xm = 5 Xl YO 
. bi 5 Xl X2 + b • 2 + . ..... + bm· 5 X2 Xm = 5 X2 YO 2 (sX2) . (F5) 
b{ sXl Xm + b2· 8 X2 Xm + ...... + bm · (sxm) 
2 
= 8 Xm YO 
where (sXi; 2 is the sample variance of Xi and sxi Xj is the 
covariance between x. and x. A bivariate correlation co-
, '?, . J 
efficient for X. and X. is defined as 
'?, J 
-------
r ij = s Xi Xj I / ( s Xi) 2. ( s Xj) 2 ' . ( F 6) 
-F3-
and a standard Partial correlation coefficient for variable 
x. 
J 
is defined as 
B. 
b{)(sXj)2 
(F?) J J(sY0)2 
The Standard Noimal _Eguatigns 
. :· -· . . . - . . . .. . . ' . . . . . . ·~. . 
By manipulation of the equations (F5) the standard normal 
e~uations (FB) are formed. 
+ B2-r12 + ...... + 
+ B2 + ....... + 
i3 • r 
m lm + B2·r2m + · • • · · · + 
B·r 
m lm 
B ·r . : 
m lm 
B 
m 
= rYl 
.= ry2 (FB) 
= 
The bivariate correlatidn coefficients r are easily evaluated, 
and by inverting the resulting matrix of these coefficients,- ---
the values for the standard parti~l correlation coefficients,B , 
may be determined. Gne of the advantage;.s of using the standard 
partial regression coefficients, is that as these coefficients 
vary between -1 and 1, they may be directly compared. further, 
the multiple correlation coefficient is_~asily determined by 
equation (F9) 
= E{B .·ry .} 1.- 1.- (F9) 
F.2 Tests on Coefficients 
The Bivariate Correlation Coefficient 
In order to determine whether a relationship exists between two 
variables the bivariate correlation coefficient is tested to 
determine whether it is significantly different from zero by 
the statistic 
t (FlO) 
.-· 
-F4-
where tis distributed as the Student's t distribution with 
(n-2) degrees of freedom, 
The Standard Partial Correl~tion Coefficient 
In any process a number of ind~pendent variables may be 
arbitrarily defined, and though one may be tempted to use a 
large number of these variables, the resulting equation will 
' be unwieldy. Further, the contribution of so~e of the 
variables in predicting the independent variable may be small, 
such that these may be eliminated from the regression equation. 
In order to eli~~nate those independent variables which do not 
contribute significantly to th~ prediction, the values of B 
m~st be tested to deterMi~e whether they are different from 
zero. Should the interval estimate of the population standard 
partial regression coefficient B' include zero, then the hypo-
thesis that B is zero is ac6epted. The interv~l estimate of-
B' is given.as 
B j + t (Ct/ 2 ) ·.A < B j < :. :.;;, .. Bj + t(l-a/2)·A 
W~N --
A = / (1-R2J·g . . / (n-m-1) 
and 1,J -
g .. is a diagonal, element on the inverted bivariate 
- 1,J 
correlation coefficien:/; matrix . 
The Multiple Correlation Coefficient 
(Fll) 
(F12) 
Although a number of variables may be eliminated by the procedure 
given above~_ their combined effect may be significant. In order 
to determine whether the multiple correlation coefficient has 
been significantly lowered by the elimination of variables the 
multiple correlation coefficient after elimination of variables 
R' is compared with the original value R • As this is effectively 
a test on the equality· of two p9pulation variances the p-distri-
bution is used. The appropriate statistic is given by 
I' / , -- ' 
,_ 
-rs...; 
equation (fl3). 
F 
2 2 {R ··-'- (R ') } In - m - 1 ) 
{1- - R 2J (m - m ') 
(F13) -
~here the super~cript (') refers to the variab1es after the 
variables ohav·e bee-h :eli:minated 
and _.F has {n-rrr ... :1) arnd _ (n--m 1 ) de g.re'es o:f freedom. 
.. :-.,~·-
-, 
'---.... ~- ....... 
--------·· 
. / 
i 
-Gl-
APPENDIX G 
TABULATION OF RESULTS 
In order to facilitate the comparison of the findings of this . 
thesis with other published information, the results have been 
presented in greater detail in this Appendix:than in the main 
body of the thesis. further, the results contain a large 
body of calculated results which should serve in many 
instances to highlight the calculation procedure adopted. 
Table Gl summarizes th~ test coriditions whilst details of 
each of the particular tests are contained in the subsequent 
tables. 
·· .. 
-~--------
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TABLE G2 Bed Expansion Data 
Minimum 
Bed Sup.Gas Fluidi- Particle Static Dynamic Mean Test Temperature Velocity zation Term.Vel, Bed Ht. Red Ht. Bed 
Vel. Voii:!age 
-
uf Urnf ut Hst Hf a 
oC m/s m/s m/s mm mm -
: 
8 933 1,32 0,244 8,66 135 203 0,601 
, I 
9 872 1,20 o, 249 8,63 148 203 0,563 
. ,Y 
10 868 1,25 0,250 8., 62 200 260 0,538 
12 i. 788 1,17 0,258 8,56 218 297 0,560 
I 13 822 1,13 0,254 8,59 214 290 0,557 
14 850 1,26 '0' 251 8,61 226 300 0,548 
15a 870 1,32 0,250 8,63 219 306 0,571 
15b 900 1,72 0,247 8,64 219 329 o, 601 
15c 865 2,25 0,250 8,62 219 324 0,594 
16a 900 1,30 0,247 8,64 200 299 0,599 
16c 980 3,15 0,240 8,69 200 350 0,657 
19 900 2,04 0,247 8,64 101 201 0,699 
20 900 1,68 0,247 8,64 101 203 0,701 
22 985 1,10 0,239 8,69 ., 100 155 0,613 
23a 945 1,50 0,243 8,67 97 162 0,641 
23b 985 1,55 0,239 8,69 97 162 0,641 
24 915 1,79 o, 245 8,65 109 138 0,526 
28 930 1,61 0,244 8,66 119 166 0,570 
30a 955 1,82 0,242 8,67 100 159 0,623 
35a 950 2;30 0,242 8,67 188 312 0,638 
, 
35b 950 2,24 0,242 8,67 188 317 o, 64.1 
37 955 2,19 0,242 8,67 216 349 0,629 
38a 935 2,13 0,244 8,66 231 362 0,617 
38b 908 1,42 0,246 B,65 231 384 0,639 
38c 915 2,10 0,245 8,65 231 377 0,632 
TABLE G2 (Cont.) Bed Expansion D~ta 
'• Minimum 
.Test Bed Sup.Gas F luidi-- Particle Static Dynamic Mean Temperature Velocity zation Term.Vel. Bed Ht. Bed Ht. Bed 
Vel. Voidage 
LI~ Limf Lit Hst Hf Ci 
DC m/s m/s m/s mm mm 
-
40a 955, 1.82 0,242 8, 6~7 189 289 O, 608 
4Db 960 1,58 0,242 8,68 189 322 D,648 
40c 980 3,~l 0,240 8,67 189 357 D,682 
4la 835 1,12 0,253 8,60 198 304 0,609 
• 4lb 931 1,23 0,244 8,66 201 330 I 0,635 
4lc 935 1,26 0,244 8,66 203 358 D,660 
4ld 1015 1,98 o, 237 8,70 205 315 0,610 
44b 960 1,76 0,242 8,68 llD 179 D,631 
44c 905 1,05 0,246 8,65 HD 160 0,588 
45 985 1,66 D,239 8,69 ll2 188 0,643 
47a 780 1,57 D,258 8,56 ll4 172 D,602 
47b 970 1,82 0,241 8,69 116 195 0, 643 
._ 
·, 
47c 935 1,48 0,244 8,66 118 178 O, 602 
47d 990 1,45 0,239 8,69 120 205 0,649 
50a 910 ' l, 80 D,246 8,65 204 319 0,616 
50b 935 1,79 0,244 8,66 210 350 o, 640 
50c '975 2,34 D, 240 8,68 216 379 0,658 
50d 850 1,35 0,251 8,61 221 284 0,533 
50g 795 1,27 0,257 8,57 222 303 0,560 
53a 727 1,50 0,264 8,51 132 170 0,534 
53c 960 1,40 0,242 .8,68 132 209 0,621 
I 
ill.h_E_hl_L. Results obtained from the Heat Transferred to 
the 76,2 mm OD immersed Cooling Tube 
Bed Conditions Water Outer Water Temperatures 
' 
\fall Flow 
Static Inlet Outlet Temp. Rate Bed Gas Test Bed Tempo Vel. Height 
DC m/s mm DC DC DC kg/h 
---
44a 950 1,76 110 20,8 38,8 138,4 2713' 6 
44b 960. 1,76 llO 21,2 39,9 130,7 2 713' 6 
44c 905 1,05 110 22,9 39,0 ll4' 7 2714 '4 
45 985 1,66 ll2 19,2 45,2 147,7 1944,8 
47a 780 1,57 L4 31,0 44,2 ll 7' 9 2421,3 
4 7b 970 1,82 116 31,5 52,3 154,6 2407,2 
4 7c 935 1,48 118 . 44' 0 64,0 151,3 2418,0 
47d 990 1,45 120 23,0 45' 8 157,4 2432,4 
50a 910 1,80 204 20,2 42' 6 131,8 2017 '4 
50b 935 1,79 210 19,6 44,0 146,9 2128' 5 
50c 975 2,34 216 21,0 42' 5 . 154,8 2698,3 
50d 850 .1, 35 221 26,5 41,3 146,0 2686,6 
50e(i) 840 1,34 222 26,1 41,8 145 ,4 2686,6 
50e(ii) 840 1,34 222 29,7 43 '6 145,5 3085,li 
50e(iii) 840 1,34 222 22,8 40' 6 143,3 2317,6 
50e(iv) 845 1,34 222 20,8 42,4 141,4 1956,5 
50f 895 1,37 222 20,B 45,0 142,2 1960,1 
50g(i) 795 1,27 222 22,7 42,2 140, 8 194 9' 5 
50g(ii)_ 790 1,27 222 27,8 40,8 140,4 2734,2 
53a 727 1,50 132 16,2 30,0 141,4 2120,0 
53b 935 1,46 132 17,l 3 8 '(j 145' 9 2119' 3 
53c 960 1,40 132 25,7 52,5 157,0 1%4,0 
Heat Heat Tot. Bed to 
abs or- Flux Wall bed Ht.trnf. 
Coeff. 
k"11 kW/m 2 W/m 2C 
56,85 253 311,2 
59,06 252 316,3 
50,86 226 285,9 
58,85 261 312,2 
37,20 16 5 249,5 
58,28 259 317,5 
56,29 250 319,1 
64,55 287 344,4 
52 '60 234 300,2 
60, 45 26 9 340, 7 
67,52 300 365,7 
' 
46,28 206 292, 0 
49,09 218 3 J.3' 9 
49,92 222 319,3 
48,01 213 306,l 
49,19 219 310,5 
55,21 245 325,B 
44,25 197 300,5 
41,37 184 282,9 
,,, 
34' 05 151 258!3 
53,03 236 298' ~. 
60,95 271 337,2 
TABLE G4 
Test 
44a 
44b 
44c 
45 
47a 
47b 
47c 
47d 
50a 
50b 
50c 
50d 
5De(i) 
504(ii) 
50e(iii) 
_5De(iv) 
50f 
50g(i) 
50g(ii) 
53a 
53b 
53c 
Calculated Results for the Heat Transfer Relationships 
associRted with the 76,2 mm DD horizontal immersed Tube 
Heat Flux Heat Trnf. N~o Reta. A::: p 
\ 
Coeff, 
Tot. Conv. Tot. Conv·. 
kW/m 2 k\rJ/m 2 W/m2c W/m 2c 
- - -
.,.. 
? 
252,5 174,9 311,2 215,5 212,l 826,6 2073 5536 
262,3 182,0 316,3 219,5 214' 9 8rr, 1 2037 I 5096 
225,9 158,2 285,9 200,2 202,2 525,2 2251 I 4753 
261.4 173,4 312,2 207,l 200,l 746' 0 1950 5057 
165,2 .1.22, 8 249,6 185,5 202,2 938,D 2883 5673 ; 
258,9 176,l 317,5 216,0 210,3 835,9 2002 5471 
250,0 176,3 I 319,1 225,D 223,4 707,8 2131 5651 
266,7 
I 1933 5616 198,5 344,4 238,4 229,7 648,6 
233,7 165,7 300,2 213,D 214,5 892 z 2 2231 5749 I 
268,5 194,7 340, 7 247,1 245,3 858,4 2132 6485 
299,9 215,8 365,7 263,2 255,7 1065,2 1984 6985 
205,6 150,8 292,0 214,2 223,4 726,l 2501 5797 
218,1 
-165' 2 313,9 237,8 249, 6 728,8 2551 6492 
221,7 168,9 319,3 243,2 255,2 728,~ 2551 6639 
213,3 160,4 306,1 230,2 241,6 728 I 8 2551 6284 
218,5 164,6 310,5 234,0 244,8 726,6 I 2526 6356 
245,2 180,9 325,8 240,3 244,1 694,2 2294 6575 
196,6 151,9 300,5 232,2 250,6 742,3 2794 6625 
183,B 139,9 282,9 215,4 233,3 748,2 2823 6186 
151,3 117,1 258,3 200,0 I 226,D 972,6 3231 6494 235,6 161,8 298,5 205,0 203,5 702,7 2131 5132 
270,7 190,7 337,2 237,5 232,6 649,4 2037 5820 
TABLE GS 
Test 
44a 
44b 
44c 
45 
47a 
47b 
47c 
47d 
50a 
50b 
50c 
50d 
50e(i) 
50e(ii) 
50e (iii) 
50e(iv) 
50f 
50g (i) 
50g(ii) 
-
53a 
53b 
53c 
Logarithms of the Dependent Variables utilized as 
Input Data for the Regression Analysis employed in 
correlating the immersed. tube heat transfer data. 
\ 
Independent Variables Depen. Variable 
ln (Retd. ln ( Hdyn) ln H ln 8 I ln N ln P 
Hst ) st,, r 
-· 
6, 717 0,460 0,0953 1,500 1,834 8,619 
• 6, 706 0,460 0,0953 1,509 1,840 8,536 
6,716 0,331 0,0953 1,463 1,186 8,467 
6,615 O, 44 7 0,1133 1,528 1,781 8,529 
6,844 0,434 o, 1310 1,351 1,625 8,643 
6,729 0,468 0,1484 1,515 1,884 8,607 
6,562 0,420 0,1655 1,486 1,621 8,640 
6,475 0,415 0,1823 1,533 1,625 8,633 
6, 794 0,465 0,7129 -- 1,466 1,844 8,657 
6,755 0,464 0,7419 1,486 1,848 8, 777 
6, 971 0,519 0,7701 1,520 2,168 8,852 
6,588 0,397 0,7930 1,413 1,472 8,665 
6,591 0,395 0,7975 1,406 1,455 8,778 
6,591 0,395 0,7975 1, 406 1, 455 8,801 
6,591 0,395 0,7975 1, 406 1,455 8, 746 
6,588 o, 396 0,7975 1,411 1,462 8,757 
6,543 0,402 0,7975 1,454 1,515 8,760 
6, 610 0,382 0,7975 1,364 l, 373 8,799 
6,618 0,382 0,7975 1,358 1,380 8' 730 
6,880 0,423 0,2776 1,297 1,542 8' 779 
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TABLE G 7 Logarithms of the Data utilized for the Regression Analysi~ 
Test 
8 
9 
10 
12 
13 
14 
15a 
15b 
15c 
16a 
16c 
19 
20. 
23a 
23b 
24 
28 
30a 
35a 
35b 
37 
38a 
38b 
38c 
employed in Correlating the Heat Tran~fer to a Peripheral 
Cooling Surface 
l I ride-
Dependent Variables pendent 
Variable 
l (Hdyn) ln(Hst r) ln 8 ln N ln Rep ln Ar ln Nup n(Hst ) • .r 
0, 3918 0,3001 1,4855 1,4843 1,9530 7,6677 0,9488 
0,3672 0,3920 1,4337 1,3379 1, 94 08 7,7816 0,9801 
It 
0,3778 0,6931 1,4301 1,3873 1,9872 7,7893 0,9440 
0,3605 0,7793 1,3574 1,2644 2' 0374 7' 94 96 1,1237 
0,3512 0,7608 1,3888 1,2369 1,9520 7,8800 1,0588 
0,3798 0,8154 1,4144 1,38~8 2,0205 7,8243 0, 8 961 
0,3918 0,7839 1,4317 1,4558 2,0387 7,7855 o, 9143 
0,4549 0,7839 1,4577 1, 7864 2,2621 7,7285 0,8405 
0' 5111 0,7839 1,4274· 2,0791 2 '5792 7,7951 O, 8375 
1,3879 0,6931 1,4577 1,4509. 1,9821 7,7285 0,9354 
0,5700 0,6931 I,5237 2,4959 2,7620 7,5841 0,8130 
0,4916 0,0100 1,4577 1,9831 2,4327 7,7285 0,9354 
o, 4497 0, 0100 1,4577 1,7589 2,2386 7,7285 0,9354 
0,4231 -0,0305 1,4954 1,6442 2,0651 i '6460 1, 0187 
0,4310 -0,0305 1,5278 1,6998 2,0465 7,5754 1,0865 
0,4639 0,0862 1,4704 1,8393 2,2817 7,7007 1,0485 
0;4398 0,1740 1,4830 1,7217 2,1557 7,6731 1,0712 
0,4673 0,0000 1,5036 1,8750 2,2455 7,6281 0,9516 
0,5153 0,6313 1,4994 2,1387 2,4861 7,6370 0,8699 
0,5103 0,6313 1,4994 2' 1091 2,4597 7,6370 0,9501 
I 0,5058 0' 7701 1, 5036 2,0857 2,4305 7,6281 0,9835 
0,5003 0,8372 1,4870 2,0464 2,4290 7,6641 O, 9253 
0,4100 0,8372 1,4646 1,5623 2,0596 7,7136 1,0607 
0,4976 0,8372 1,4704 2,0222 2 '4414 7,7007 0,8363 
TAB~E G 7 (Cont.) 
Test (Hdvn) 
ln(Hst ) 
40a 0,4673 
40b 0,4354 If 
40c 0,5777 
4la 0,3488 
4lb 0,3737 
4lc 0,3798 
4ld 0,4853 
44b 0,4602 
44c 0, 3313 
45 0,4468 
47a 0,4341 
47b 0,4673 
47c 0,4201 
47d 0,4150 
50a 0,4649 
50b D,4636 
50c 0,5186 
50d 0,3968 
50g 0,3820 
53a 0,4229 
53c 0,4067 
Logarithms of the Data utilized for the Regression 
Analysis Employed in Correlating the Heat Transfer 
to a Peripheral Cooling ~~rface 
Dependent Variables Inde-pendent 
Variable 
ln(Hst,r) ·in 8 ln N' ln Rep ln Ar ln Nup 
0·;6366 1,5036 1,8750 2,2455 7,6281 o, 8096 
0,6366 1,5076 l, 7122 2,0976 7,6192 0,8672 
0,6366 1,5237 2, 54_94 2,8116 7,5841 0,8338 
0,6831 1,4007 1,2320 1, 92<12 7,8539 1,0420 
0,6981 1,4839 1,3962 1,8851 7,6713 0,7608 
0,7080. 1,4870 J.,4279 1,9039 7, 66.H 0,7606 
0' 7178 1,5512 1,9954 2,2539 7,5241 0,8220 
0,0953 1,5076_ 1,8383 2,2055 7,6192 1,1714 
0,0953 1,4621 1,1820 1,7618 7,7192 1,1873 
0,1133 1,5278 1,7805 2 ,1150 7,5754 1,0582 
0,131J 1,3499 1,6241 2,3437 7,9663 0,9292 
0,1484 1,5158 1,8811 2,2261 7,6016 0,8978 
0,1655 1,4870 1,6239 2,0648 7,6641 0,9448 
0,1823 1,5317 1,6226 1,9735 7,5668 0,9081 
0' 7129 1,4663 1,8429 2,2934 7,7099 D,8987 
0,7419 1,4870 1,8470 2,2544 7,6641 0,8910 
0, 77Dl 1,5197 2,1678 2,4711 7,5928 0,8386 
0,7930 1,4142 1,4716 2,0873' 7,8243 0,9878 
0,7975 1,3640 I 1, 3730 2,1097 7,9351 o', 9977 
0, 2776 1,2983 1,5416 2,3797 8,0805 0,9892 
0,2776 1,5076 1,5686 1, 9774 7,6192 1,0574 
TABLE G 8 06servations and Results obtained from the Hest Transfe~ 
Probe intrcduced to the Fluidized Bed via the Ash Port 
Static Bed Beid Probe Thermocouple Outer Heat Heat T rnf. 
Test Bed \/el. Temp. Depth Temperatures Probe Flow Coefficient Height Inner Outer .Temp. Tot. Conv. 
mm m/s DC mm DC ~ oc w W/m 2C ~1'/m 2 C 
47a 114 1,57 780 85 165,5 324 357,2 703,8 557,8 468,7 
... 
135 166,5 295 321,9 570,6 386,4 307,9 
185 165,5 295 322,l 575,0 391,2 312,4 
210 159,3 ~71 293,8 493,8 340, 2 258,8 
235 139, 5 239 259,9 441, 8 284,6 207,0 
285 115,0 192 208,l 341, 8 200,4 128,l 
. 
47b 116 1,82 970 135 219,8 429 472,3 926 '8 623,8 477' 0 
185 235,8 433 474,3 875,6 592,0 444,8 
235 214,5 398 436,5 614,8 511,8 371,2 
285 197,0 348 
.. 
379,7 670,4 380,6 249,2 
320 182,0 317 344,7 ~i97' 2 320,0 194,0 
47c 118 11,481 935 85 211, 3 410 451,0 880,0 609,2 4 74' 5 
I 135 212,3 410 450,8 8 75' 6 606,0 471,3 
185 218,3 410 449,6 849,0 586,0 451, 5 
235 200,8 367 401,8 738,0 463,8 337,l 
, 
285 169,0 305 332, 9 601,6 334,8 218,3 
335 149' 0 261 284,5 497,4 256,2 146,3 
47d 120 1,45 990 85 221,5 407 445,9 823,6 507,2 360,0 
135 225,8 421 461,9 866,8 550,0 400,0 
. 185 232,3 44J 486,6 933,4 621,2 466,8 
235 232,0 438 481,2 914,8 602,4 449,0 
285 201,oJ 367 400,5 710,4 403,8 364,3 
335 180,51 324 354,l 637,2 335,8 203,7 
TABLE GS (Cont.) : Observations and Results obtained ·from the Heat Transfer 
Probe introduced to the Fluidized Bed via the Ash Port 
Static Bed Bed Probe Thermocouple I Outer Heat Heat Trnf. 
Test Bed Vel. Temp. Depth Temperatures Probe Flow Coefficient Height • 1Temp Inner Outer 0 Tot. Conv. 
mm m/s oC mm oc oc oc w 
_,,,, 
2 W/m C vJ/m 2c 
- 45 112 1,66 985 85 240,D 471 519,4 1025,6 738,2 578,9 
135 243,5 445 487,2 894,8 602,2 448,9 
.. 185 24 9' 8 450 492,0 889,0 604,2 450,D 
205 248,5 425 497, 7 914,8 629,D 473,8 
235 230,3 405 441,6 775,8 474, 0 330,2 
265 211,5 362 393,5 668,2 378,6 241,4 
I 
SO a 204 1,80 910 85 220,3 405 443,7 820, 21 589,4 461,6 
185 215,D 384 418,8 748,2 510,4 386,6 
285 229,5 426 467,2 872,6 660,2 
I 
528,6 
335 211, 0 . 393 431,l 808,2 565,4 439,-( 
5Db 210 1,79 935 185 229,8 405 441,7 778 ,O· 528,4 395,3 
soc 216 2,34 975 lb5 231,5 417 455,3 821,4 529,6 384,5 
50d 221 1,35 850 185 197,0 357' 390,5 710,4 518,2 411,3 
I 53a 132 1,50 727 85 172, 0 276 297,8 461,8 360,6 287,4 
53b 132 1,46 935 35 215,7 403 441,6 829,4 534,2 407,9 
- ;85 213,5 376 410,l 721,6 460,6 332,6 
- 135. 223,2 405 443,l 807,2 549, 8 416,4 
185 231,S 417 I 455,3 821,4 525,0 401, l l 
235 219,7 386 420,9 738,4 450,6 329,l 
285 189,0 329 357,7 619,4 359,6 239,5 
325 186,0 292 Jl4' 2 470,6 254,0 140, l 
53c 132 1,40 960 85 195,5 419 465,8 992,4 672,8 529,61 
135 212,0 416 461,5 952,4 640,2 497, 1 I 
., 
160 241,2 450 493,8 927,2 666,4 518,2 
' 185 239,0 440 I 482,l 892, 6 625,8 479,7 210 243,7 447 I 489,6 902,B 698,4 538,3 235 237,5 429 468,5 848,2 578,2 434,5 
I 
I 
285 205' 5· 372 
I 
406,3 737,2 446,0 312,B 
I I 325. I is ·r, u I 327 356,3 621,6 345,0 219, s I 
TABLE G9 Observations and Results Relating to the Fluctuations in 
Tempe~ature of the Outer Thermocouple of the Heat Transfer Probe 
I 
Static Bed Bed Probe Mean Mean Max. Min. (Max-
Test Bed Vel. Temp. Depth freq. :Ampl. Temp. Temp. Min.) 
Height \) A Temp. v ·A 
mm m/s DC mm s-1 OE'° oC oC oC 0 c;s 
-
/ 
Deeper Bed 
• 
5Da 204 1,80 910 185 0,850 2,3 387,0 359,0 28 1,91 
50b 210 1,79 935 185 0,625 3~1 411,5 377 t 5 34 1,94 
50c 216 2,34 975 185 0,}33 2,2 431,0 401,0 30 1,63 
50d 221. 1,35 850 185 0,633 2,0 362,0 336,0 26 1,26 
Shallower Bed 
53a 132 1,50 727 85 0,608 2,2 304 21:30 24 1,31 
53b 132 1,46 935 85 0,500 3,3 455 413 42 1,64 
53c 132 1,40 960 85 0,500 2,9 470 4«.2 28 1,46 
.-.·--~. 
JABLE GlD 
Static 
Test Bed 
Height 
mm 
Deeper Bed 
50a 204 
50b 210 
5Dc 216 
50d 221 
Observations and Results Relating to the Fluctuations of 
the Heat Transfer to a Peripheral Cooling Surface from 
Measurements an the Heat Flux Pad. 
Bed Bed Bed Mean Mean Max. Min. Max.-
Vel. Temp. Depth Freq. Ampl. Heat Heat. Min. 
\) ~ Flux Flux Flux 
m/s oc -1 kW/m 2 2 kW/m 2 kW/m2 mm s .kW/m 
I 
1,80 no 58 D,717 1,91 217,l 198,l 19,0 
1,79 935 58 - - 234,9 211, 8 23,l 
2,34 975 58 0,542 1,92 248,3 228,7 19,6 
'l,35 850 58 0,708 1,59 199,3 180,6 18 '7 
·Shallower Bed 
53a 132 1,50 727 58 0,658 1,39 154,l 139,4 14,7 
53b 132 1,46 935 58 - - 248,3 230,5 17,8 
53c 132 1,40 960 58 0,617 1,35 262,5 244,7 17,8 
v·A 
2 k\rJ/m s 
l,37 
-
1,04 I 
, 
1,13 
0,91 
-
0,83 
--\ 
TABLE Gll Test Results Relating to the Overall Performance of the 
l ODO mm Diameter Fluidized Bed Combustion Test Facility 
Test l5a 15b 16c 19 30b Jla 3lb 
Primary air flow kg/h 1166 1482 2530 2742 118 5' 7 1391,6 1374,B 
Secondary air flow kg/h - - -- - - - -
Total air flo'w kg/h 1166 1482 2530 2742 1185, 7 1391,6 1374,B 
Gas flow kg/h 1254' 5 1593,7 2703,7 1842,3 1275,3 1468,2 14 78' 7 
i 
Evaporation rate kg/h 953 1110 1433 821 769,7 592 ,3 906,7 
Static bed height mm 219 219 200 101 
' 
105 105 105 
Superficial gas Vel. m/s 1,32 1,72 3,15 2., 04 1,49 1,4 7 1,67 
Bed Temperature oC 870 900 9BCI 900 970 780 960 
Final gas temperature oC 5~0 - 860 740 752 713 789 
Freeboard pseudo oC 
flame temperature 870 900 980 900 970 780 960 
Oxygen % 3,0 4,4· - 5,6 - 9,1 -
Carbon Monoxide % 1,2 0,64 - 0,45 - 0,5 -
Carbon Dioxide % - - - - - 9,4 -
Excess air factor ')(, 1,25 1,25 1,38 1,64 - 1,72 -
Carbon in ash % 59,4 53,7 - 56,7 - 56,1 -
.. 
Equivalent carbon loss % 33,9 26,9 - 30,4 - 29,6 -
•. 
Heat absorbed by jacket kW 686,2 799,2 1031,_B '591,l 554,2 426,4 652,8 
Heat abosrbed by pipe kW - - - - - - -
Heat in gases leaving 
rig kW 220,2 - 723,D 416, 5 293,5 318,4 359,l 
Total heat liberated kW 906,4 - 1754,B 1007,6 847,7 744,8 1011, 9 
Specific heat liberated 2 MW/m 1,154 
-
2,234 1,283 1,079 0,948 1,288 
Heat absorbed above bed kW 119' 6 - 113, 7 101,B 96, 7 33,6 BB,O 
Heat removed by jacket 
in bed kW 566,6 - 918,1 489,3 459,5 392~8 564~8 
Heat in gases entering 
f:::eeboard kW 339,B 448,4 836,7 518,3 390,2 352,0 447,1 
Total measu::::ed heat 
input (Qp) kW 339,8 448,4 836, 7 518,3 390,2 352,0 447,1 
Furnace Efficiency - D,352 - 0,136 D,196 0,248 0,095 D,197 
.QF I cr T~ (1 - e
0
; 2 4,749 5,600 7,855 5,907 3,792 7,043 4,499 m 
32 
16 73, E 
-
1673; E 
1803, L 
1135,. 
201 
1,98 
930 
832 
930 
4,2 
D,7 
14,B 
1,22 
56,7 
30,4 
Bl 7 ,C 
-
464'' 
1281,i 
1,632 
61,7 
755,3 
526,4 
526,4 
0,117 
5, 892 
.. ~ 
TABLE Gll Cont. Test Results Relating to the Overall Performabce of the 
1 ODO mm Diameter Fluidized Bed Combustion Test Facility 
Test 35a 35b . 37 38a 38b 40a 40b 40c' 
Primary air flow kg/h 1907,6 1858,9 1799,3 1786 ,.8 1219,2 1886,8 1289,4 2652,0 
Secondary air flow kg/h - 983,5 - - 537,6 - 592, 9 -
; 
Total air flow kg/h 1907, 6• 2842,4 1799,3 1786,8 1756,B 1886,8 1882,3 2652,0 
Gas flow kg/h 2073,6 ;J058,4 1941,0 1914, 7 1868,2 2020,6 1995,7 2794, 7. 
Evaporation rate kg/h 1263,8 1398,1 1276,2 1280,0 1122,0 1178 '2 1157, 711411, 1 
Static bed height mm 188 188 216 231 .Y 231 189 189 189 
Superficial gas vel. m/s 2,30 2,24 2,19 2,13 1,42 1,82 1,58 3,31 
-
.Bed ·Temperature oc 95JJ 950 955 935 908 955 960 980 
Final gas temperature oC 860 - 821 816 810 854 859 936 
Freeboard Pseudo oC 950 955 935 955 980 
flame temperature 
Oxygen % 2,4 4,8 4,0 5,7 7,4 5,8 8,1 9,5 
Carbon Monoxide % 0,95 0,8 0,8 1,0 0,9 0,5 0,45 0,45 
Carbon Dioxide % 16,3 13,8 13,5 11,5 10,2 13,4 11,4 . 10,2 
Excess air factor % 1,10 1,26 1,20 1,32 1,49 1,35 1,59 1,78 
Carbon in ash % ·SB ,4 - 61,7 63,0 68,8 52,3 55,5 51,0 
Equivalent carbon loss % 32,6 - 37,4 39,5 51,1 20,5 23,3 19,5 
' 
Heat abosrbed by jacket kW 909,8 1006 ,4 918,7 921,4 807,7 848,1 833,4 1015, 7 
Heat absorbed by pipe kW - - - - - - - -
--\ Heat in gases leaving 554,5 - 492,8 482,8 467,2 ::;36, 1 533,0 821, c 
rig kW .. 
; - . 
Total heat liberated kW 1464,3 - 1411,5 1404,2 1274,9 1384,2 1366,4 1837, < 
Specific heat liberated 2 MW/m 1,864 
-
1,797 1,788 1,762 2,339 
Heat abosrbed above bed kW 65,3 90,8 79,4 71,4 43,4 
Heat removed by jacket 
in bed kW 844,5 827,9 842,0 776,7 9712,3 
Heat in gases entering 
, freeboard kW 619,8 59'7, 8 583,6 562,2 368,4 607,5 413,4 864,9 
Total measured heat 
input (~ ) F kW 619,8 583,6 562,2 607,5 864,9 
Furnace efficiency 
-
0,105. 0,156 0, 141 0,118 0,0502 
Qp/ oTp (1 -Bo) m2 6,460 5, 977 6,181 6,221 8,119 
r •·---~,·---------- • - ·: --· -~·-~--------.'..------
TABLE G 11 Cont. Test Results Relatina to the Overall Performance of the 
100 mm Diameter Fluidized Bed Combustion Test Facility 
Test 4la I 4lb 4lc 44b 44c 45 
Primary air flow kg/h 1020,5 11021,5 1051, 0 1427' 2 892,5 1310,8 
Secondary air flow kg/h - 508,4 846,2 - - -
Total air flow kg/h 10~0' 5 1535,9 1897,2 1427,2 892, 5 1310,8 
Gas flaw kg/h 1089,8 1662,7 2040,2 1536,5 960,9 1416,3 
Evaporation rate kg/h 688,9 1029,6 1154' 2_?1 723,1 606,9 10Ll3,6 
Static bed height mm 198 201 203 110 110 112 
Superficial gas vel. m/s 1,12 1,23 1,26 1,76 1,05 1,66 
,. 
Bed oC • Temperature 835 931 935 960 905 985 
Final gas temperature oC 701 800 815 
-I 704 720 739 
freeboard pseudo flame oC 835 998 889 960 905 985 
temperature 
Oxygen % 6,3 3,2 4,7 4,4 4,5 3,5 
Carbon monoxide % 0,3 0,4 0,45 0,4 0,4 0,25 
Carbon dioxide % 12,4 16,4 . 13 ,4 14,8 14,7 15,7 
Excess air f actar % 1,41 1,16 1;27 I 1,25 1,25 1,19 
Carbon in ash % 38,7 53,l 61,2 53,5 46,3 40, 7 . 
E~uivalent carbon loss % 11,8 21,2 29,5 21,.5 16,1 12,8 
Heat absorbed by jacket kW 495,9 741,2 830,9 462,1 386,6 693,3 
--\ Heat absorbed by pipe kW - - -
59,l I 50,9 58,9 
Heat in gases leaving 
rig kW 231, 9. 410,1 513,7 328,6 210, 5 319,1 
~otal heat liberated kW 727,8 1151, 3 I 
1344,6 849,8 647,9 1071,3 
Specific heat liberated 2 0,927 1,466 1,712 1,082 
0,820 1,360 
MW/m 
Heat absorbed above bed k\V 50,1 111, 8 54,8 136,1 61,6 121,5 
Heat removed by jacket 
in bed kW - 196,8 236,7 - - -
Heat in gases entering 
I freeboard kW 282,0 325,0 331,8 464,7 272,1 440,6 
Total measured heat I input (QI kW 282,0 521,8 568,5 464,7 272,1 440,6 
furnace efficiency - 0,178 0,214 0,0964 0,293 0,226 0,276 
QF1' cr T~ (1 - e0 J 2 4,514 4,607 6,250 4,676 3,336 4', 066 rn 
) 
TABLE Gll Cont, Test Results Relating to the Overall Performance of the 
1 DOD mm Diameter Fluidized Bed Combustion Test Facility 
Test 47a I 4 7b 47c 4 7d 50a 50b 5Dc 50d 
Primary air flow kg/h 1489,5 1464,8 1219,1 1150,3 1529,1 1490,4 1887,4 1206, I 
Secondary air flow kg/h 
- - -
502,5 
-
663,3 734, 0 
-
Total air flow kg/h 1489,5 1464,8 1219,l 1652,8 1529,1 2153,7 2621,4 1206,7 
Gas flow kg/h 1566,2 1579,8 1316,4 1786,3 1653,2 2325,5 2835,9 1290,5 
i 
Evaporation rate kg/h 539,6 1148, 3 959,6 1268,D 1091,1 1262,6 1498,2 848, 
Static bed height mm 114 116 118 120 
_,,. 204 210 216 221 
Superficial gas vel. m/s 1,57 1,82 1,48 1,45 1,80 1,79 I 2,34 1,35 
-
Bed temperature oc 780 970 935 990 910 935 975 850 
Fin al· gas temperature oc 5"8 6 760 670 766 760 826 895 680 
Freeboard pseudo flame oc 780 970 935 1084- 910 948 1014,3 a5o 
temperature 
Oxygen % 9,8 3, g.5 3,7 3,2 3,4 3,.8 3,6 .5, 8 
Carbon monoxide % 0,09 0,26 0,21 0,2 0,25 0,6 D,9 0,3 
Carbon dioxide % 10,l 15,3 15,6 16,D 15,8 15,4 15,2 13,6 
Excess air factor % 1,86 1,22 1,20 1,17 1,18 1,20 1,17 1,36 
Carbon in ash % 51,4 42,5 47,6 4,94 50,8 54,2 51,6 -
Equivalent carbon loss % 19,8 13,8 17,D 
.. 
18,2 19,3 22,l 19,9 -
Heat absorbed by jacket k\v 351,7 769,4 635,4 849,4 785,3 909,D 1063,4 612 ,< 
Heat absorbed by pipe kW 37,2 58,3 56,3 64,6 52,6 60,5 67,5 46, 
--\ 
Heat in gases leaving 
rig kW 272,6 367,6 266,2 419,7 384,7 594,2 793,5 265, I 
Total heat liberated kW 661,5 1195,3 957,9 1333,6 1222,6 1563,7 1924,4 ,924,S 
Spec.ific heat liberated . 2 MW/m 0,84 1,52" 1,22 1,70 1,56 1,99 2,45 1,18 
Heat absorbed above bed kW 103,1 115, 5 120,3 148,1 78,5 47,2 46,5 75iJ 
Heat removed by jacket 
in bed kW 248,6 653,9 515,1 701,3 706,8 861,8 1016, 9 537,9 
Heat in gases entering 
freeboard kW 375,7 483,1 386,5 389,l 463,2 472,5 628,3 340, 7 
Total measured heat 
input ( QF) kW 375,7 483,1 386,5 567,8 463, 2· 641,3 840,D 340,7 
Furnace efficiency - 0,274 D,239 D,311 0,261 0,169 0,074 0,055 0,022 
QF I a T~ r1 - e0J 2 7,517 4,695 4,249 3,782 5,576 6, 737 7,020 5,143 m 
-1
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APPENDIX H 
DETAILS OF RADIANT HEAT TRANSFER 
IN THE FREEBDARD REGION 
In the development of the theoretical model for the transfer 
of heat in the freeboard region above the bed, a model had to 
be developed for describing the emissivity of ·the.gas and 
entrained particulates. The formulation of a single clear 
gas and two-grey gas model f6r describing the radiation from 
the gas which was further extended to include the emission 
from the particulates leading up to a thr~e grey gas model is 
described in this Appendix. The temperature dependence of 
the emissivity has been accommodated by the gas emissivity 
\'lleighti ig factors rathe.r than in the absorption coefficients. 
Finally, the direct exchange f~ctors have been tabulated, 
i.e. assuming a non absorbing medium in the freeboard, whilst 
the total exchange factors have been tabulated for an absorp-
.. ;;. 
tion coefficient of 0,5 m-1 for tomparison. 
Prior to the evaluation of the relevarit ~~diation parameters, 
the relative magnitude of the two flue ·gas- components con-
tributing to the gaseous radiation, viz water vapour and 
carbon dioxide, have to be evaluated. As most of the ~esults 
have been obtained when burning the coal in a relatively ~ry 
condition, an inherent moisture content of 2,5% has been ( 
assumed. The resulting flue gas compone_nts when burn~ng 
both the duff coal and the low~fines coal were very similar. 
Indeed, in view of the similar carbon to hydrogen ratio, thi·s-----'--· .. 
similarity in flue gas components when fi~~d with the same -
moisture content is to be anticipated. The resulting flue 
gas components as a function of the excess air factor when 
burning the low fines coal are illustrated in Figure Hl. It 
is evident from the figure that the ratio of the moisture 
content to carbon dio~ide content is of the order of 0,45. 
With an equivalent amount of surface moisture (i.e. 2,5%), 
the water vapour to carbon.dioxide content of the flue gas 
would be of the order of 0,75. However, in view of most of 
-H2-
the tests having been performed with air ~ried coal, a ratio 
of 0,50 has been assumed. This implies that the ratio cf the 
partial pressures is given ·by 
= o, 50 
H.l THE GAS EMISSIVITY 
In order to model flue gas as having a water vapour to carbon 
dioxide partial pressure ratio of ... 0,.5,. the .coal sample must 
have a total moisture content of some 3,J3. Therefore the 
composition of the flue gas for which the gas radiative pro-
perties have been determined .can be given by : 
carbon dioxide 
water vapour 
oyxgen 
nitrogen 
sulphur dioxid.e 
excess air factot 
13,9% 
6,953 
4,0% 
·75' 1% 
o ;;'b5% 
1,25 
By employing the emissivity data for water vapour. and carbon 
dioxide of Hottel (58) and by making correctionB for actual 
pressure conditions, the additive nature of the components and 
the spectral overlap Figure H2 can be drawn. The figuri 
represents the total gas emissivity for a flue gas having the 
water vapour and carbon dioxide contents .given above as a 
f~£1_ction of temperature for a number of values of the product 
of the partial pressure (Pc + Pw) and the mean-beam length-.----~--·-· 
Figure HJ has similarly been 4rawn to represent the total 
emissivity as a function of the product of the mean beam 
length and the partial pressure for various temperature levels. 
H.1.1 The One Clear and Two G~ey Gas Model 
Each of the c~rves of Figure HJ.can be represented as the sum 
of a number of grey gases ( 14J), { 56). .A one clear gas and 
-H3-
two grey gas model has been found to adequately represent the 
emissivity relationships in the range of the product of the 
pressure and the mean beam length (p.L) from 0,05 m.atm to 
1,5 m.atm for each of the gas temperatures. The one clear 
and two grey gas model can be represented by 
3 
Egt = E a t ·.(1 - exp{-k .• p ·L} ) 
i ... 1 g , 1, g, 1, . 
(Hl) 
where 3 
E a t . = 1 
ial g i· _, 
(H2) 
and k = 0 g, 1 (H3) · 
The absorption coefficient of the clear gas is zero i.eo 
_kg~=O, and thus the emissivity weighting factor is included 
only as a dummy weighting factor. The one clear.and two 
grey gas model has been applied to each of the temperature 
levels illustrated in Figure H3. .The resulting weighting 
factors and absorption coefficiints for the tesulting two 
grey gas components are presented in Table Hl. 
TABLE Hl 
-
Temperature 
oc 
100 
500 
800 
1000 
1500 
"-.... 
\ 
Weighting factors and ~bsorption co-
efficients for the two gre_y gases of 
the gas emissivity model at the 
different temperature levels 
Weighting factors Absorption Coefficients 
agt~ ·agtr3 k2 k3 
-1 -1 -1 -1 
m.atm m.atm 
0,352 o_~ 185 1,893\ 15-,6-1 
0,343 0,141 1,703 19,74 
0,326 0,124. 1, 40_5 22,49 I -., 0,310 0,097 1,4.7.6 23,25 
0,293 0,058 1,16 28,30 
-H4-
Both the absorption coefficients a~d weighting factors of Table 
Hl are seen to be dependent upon the temperature. However, 
when applying a f~rnace analysis technique such as the zone 
method of analysis it is useful to assume that the absorption 
coefficients are unchanged by temperature, and to accommod~te 
this temperature dependence in the weighting factors. The 
absorption cosfficients for the two grey gases at eoo 0 c have 
been assumed to represent the absorption coefficients over the 
entire temperature range. .The weig~ting factors for each of 
the remaining conditions have therefore been adjusted assuming 
absorption coefficients for each of the three gases as being 
given by 
k1 o,o -1 
·.,..1 
= m .atm 
k2 1,405 
-1 
.atn. -1 = l1l 
-1 -1 
k3 = 22,49 m · .• atm 
The resulting weighting factors for the two grey gases are 
illustrated in Figure H4 as a function of temperature. A 
least squares· analysis, has been applied~a relate each bf the 
two absorption coefficients ta the gas temperature in terms of 
a linear relationship as represented by equation {H4). 
a t .. g , "/., = b0 .. + b1 . ·t , "/., , "/., .. , ... --~ .. 
and the emissivity can be represented by 
e:q = r {b0 . + b1 .·t}·{l - exp(·- k.·p·LJ} 
- , "/., , "/., 'Z-
(H4) 
(H4) 
The values of the coefficients presented in eq~ation (HS) are 
included in Table H2. 
TABLE H2 
l. gas 
T~ble of coefficients fbr the deter-
mination of the gas emissivity repre~. 
sented as a compound grey gas model 
:1 
absorption b 
o,i bl . coefficient ' l. 
' 
k . 
l. 
l/{m.atm) l/°C 
1 0,000 0,417 . -3 0,168.10 
2 1,405 0,416 -0,102.10 -3 
3 22,49 0,167 -0,0664.10-3 
-H5-
H.2 EXCHANGE. AREAS FOR THE TEST RIG 
The furnace zone has been divided into nine surface zones and 
seven volume zcnes. The application of the zone method of analy-
sis has be.en described in Chapter 4, and for completeness, the 
resulting direct and total exchange areas are presented in Tables 
H3 to HB. The division of the furnace into the various zones is 
illustrated in Figure 46 together with the tone numberin~ syste~ 
which further facilitates reference to Tables H3 to HB. 
TABLE H 3 : Direct exchanae areas. between two surface zones 
assuming a clear gas in.the furnace 
sisl BiB2 sis3 ~i81 BiB5 s_is·5 sis? s.s8 '[, 
JlBj J,OCO 0,401 0,105 o,OJ2 C1,0.J..l 0,005 C,002 IJ,Odl 
s 2sj 0,401 0,417 0,203 0,055 0,015 0,005 0,002 . o, 001 
s 3sj 0,105 0,203 0,417 0,203 0,054 0,015 0,005 0,002 
s4sj 0,032 0,055 0,203 0,417 0,203 0,054 0,015 . 0' oos---
s 5sj 0,011 0,015 0,055 0,203 0,417 0,203 0,054 0,015 
s 6sj 0,005 0,005 0,015 0,055 0,203 ti,. 0,417 0,203 0, 054 
s 7sj 0,002 0,002 0,005 0,015 0,055 0,203 0,417 0, 203 
s 8sj 0,001 0,001 0,002 0,005 0,015 '0., 055 0,203 0,4°17 
s 9sj 0,003 0,001 0,002 0,005 0, 01!. __ 0 o.·32 __ _! __ .. 0,105 0,401 
TABLE H4 · Direct exchange areas between a gas and a surface 
zone for a clear gas in the furnace 
8igl 8ig2 8ig3 8ig4 8 ig;5 8 ig6 8ig7 
slgj 0,162 0,039 0,014 0,006 0,0103 0,002 O,OQl 
s2gj 0,349 o,ooo 0,001 0,002 0 ,-005-· 0,018 0' 0-94-
-
s3gj 0,094 0,349 0,000 0,001 0,002 0,005 0,018 
s4gj 0,018 0,094 0,349 0,000 0,001 -o, 002 0,005 
B5gj 0,005 0,018 0,094 0,349 o,ooo 0,001 0,002 
s6g . 
. J 0,002 0,005 0,018 0,094 0,349 0,000 
0,001 
s?gj 0,001 0,002 0,005 0,018 0,094 0,349 i 0' 000 
sBgj 0,000 0,001 0,002 0' 00_5 0,0.18 0,094 I 0,349 
s9gj 0,001 0,002 0,003 0,006 0,0'14 0,039 0,162 
Bi89 
O,fJ03 
0,001 
0,002 
0,005 
0,011 
0,032 
0,105 
0;401 
0,000 
\. 
-H6-
TABLE HS D~rect exchanse area~ between two g~s 
zones assuming a. clea~ gas in tbe. furnace 
gigl .: .gig2 g.g3 
. '[, g.g4 . '[, gigs gig6 gig? 
glgj 0,114 0,029 0,007 0,002 0,001 0,001 0,000 
g2gj 0,.029 0,114 0,029 0,007 0,002 0, 001 . 0,001 
g3gj 0,007 0,029 0,114 0,029 0,007 0,002 0,001 
g4gj 0,002 0,007 0,029 0,114 0,029 0,007 O, 002 
g5gj 0,001 0,002 0,007 0,029 0,114 0,029 0,007 
g6gj 0,001 0,001 0,002 0,007 0,029 .0,114 O,L29 
g?gj 0,000 0,001 0,001 0,002 0,007 0,029 o, 114.-. 
;; .. 
TABLE H6 Total exchange areas betweeA ·two surface zones 
a~suming an ab~orption coe~fici~nt of 0,5/m.~ 
for the enclosed 9as, a bed surface emissivity of 
0,5. and an emis~ivity of 0,7 for the cooling surfac~s 
sr,s1 sis2 sis3 8f/4 siss sis6 .~is? S-i.SB sis9 
--
-
-·· 
s1sj 0,009 0,158 0,048 0,016 0,006 o· 003. 0,001 0,001· -b ~ 001 -' .. 
s;j 0,158 0,290 0,139 0,044 I o, 014 0,005 0,002 O,Odl 0,001 
Sf j 0,048 0,139 0,239 0,123 I o, 03 9 0,012 0,004 0,002 0,002 
Sf j 0,016 0,044 0,123 0,234 I 0, 122 0,038 0,012 0,005 o, 004 
Sf. 0,006 0,014 0,039 0,122 10,234 0,122 0,038 0,013 0,009 
J 
Srf j 0,003 0,005 0,012 0,038 0,122 0,234 0,122 0,041 0,022 
Sfj 0,001 0,002 0,004 0,012 0,038 0,122 0,236 0,131 0,067 
Srf j 0,001 0,001 0,002 0,005 0,013 0,041 0,131 I o, 265 0,220 
s;j 0,001 0,001 0,002 0,004 0,009 0,022 0,067 0,220 0,018 
TABLE H7 
$jG .. 
' ;J ! 
s 2Gj 
s 3Gj 
S4Gj 
s 5Gj 
S6Gj 
S7Gj 
s 8Gj 
s9Gj 
TABLE .. H.8 
G1Gj 
G2Gj 
G3cj· 
G4Gj 
G5Gj 
G6G . . J 
G7G.i 
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Total exch~nge areas between a gas and a 
surface zone for a gas having an absorption 
coefficient of DJ5/m. .in the furn~ce, a 
bed emissivity of 0,5 and an emissivity of 
0,7 for the cooling surface$ 
i 
S .G1 . 1., SiG2 SiG'J SiG4 SiG5 SiG6 SiG7 
.·. 
0,099 0,025 0,009 0,004 0,002 0,002 0,005 
0,309 0,023 0,008 0,004 0,005 0,015 0,074 
0,096 0,273 0,014 0,005 0,003 0,005 0,018 
' 
0,025 0,085 0,270 0,013 0,005 0,003 0,007 
-
0,008 0,021 0,084 0,270 0,013 0,005 0,004 
0,003 0,007 0,021 0,084 0,270 0,914 0,007 
0,001 0,003 0,007 0,021 0,0~4 0,272 o, 019 · 
0,001 0,001 0,003 0,008 0,023 0,090 0,289 
0,001 0,002 o, 0.03 0,006 
··. ;;. ... 
0,015 0,040 0,136 
Total exchange areas b~tween two qas zones for 
a gas having an abso~pt~o~ coefficient of 0,5/ 
m . ! . i_n the furnace, a bed emissi·~.i:.!L of....Q.zj_ 
and an emissivity of 0,7 for the cooling surfaces 
GiGl GiG2 GiG'J G.G4 1., , GiG5 GiG6 GiG7 
0,167 0,044 0,011 0,004 .0,002 0,003 0,009 
- -·---
0,044 0,144 0,038 0,009 0, 0133 .. 0,002 0,003 
-
0,011 0,038 0,142 0,038 0,009 0,003 0,002 
0,004 0,009 0,038 0' 142 0,038 0,009 0,004 
0,002 0,003 0,009 0,038 0,14-2 0,038 0,010 
0,003 0,002 0,003 0,009 0,038 0,143 0,041 
0,009 0,003 0,002 0,004 0,010 0,041 0,156 
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APPENDIX. I 
SUMMARY Of AN EARLIER COMBUSTION . MODEL (REFERENCE 75l 
A combustion and entrainment model was developed for the fluidized 
bed combustion process during the earlier work (7~) associated 
wiih the combustion of coal in a JOD mm diameter refractory 
lined test rig. A large volume of input data \1r1as required. 
Information concerning combustion rate constants, splashing 
rates to describe the removal of material larger than that which 
could be removed by elutriation, attrition rate constants, the 
size. and natute of the abraded material and much other data has 
to be supplied. Cl~arly the complex nature of the model would 
not readily lend itself for applic~tion in the interpretation 
of the present result~ obtained from the l 000 mm diameter test 
facility. However, in view of its rigorous approach to the 
\ 
problem, further assumptions could be made to the existing 
~odei ta provide a simpler and more adaptable method. The 
,;;. 
model has no direct bearing on the outcome of the conclusions 
drawn from the present work,· therefore _only a summary of the 
earlier theory (75) is presented in this Appendix for completeness. 
The mude::l hds been developed based on ·che theories of ciiffei.·ent 
__ authors to explain the fluidized-bed combustion and entrainment 
processes under steady state conditions. From a knowledge of 
the original ~ed size grading and the grading of the fuel fed 
into the combustor the eventual gradings of the inert and 
combustible components within the bed as well as of the. 
. - -
entrained material can be predicted. A major o_bjective of-··---
the model is the prediction of combustion ~fficiencies and 
entrainment rates. 
I.l THE OVERALL CONCEPT 
The model commences with an estimate of the combustion 
efficiency and a determination of one of the three parameters, 
superficial gas velocity, temperature or coal flow rate from 
-I2-
the remaining two which are ~sed as input. The second ~tage 
of the calculation is the determination of the combustion 
·efficiency. This is determined by considering the overall 
consumption of oxygen in the bed and comparing it with the 
coal feed rate. The efficiency thus determined is compared 
with the original estimate, a~d should they differ by mor~ 
than 0, 5% a new estimate for the efficiency is made based on 
the previous values. A new value for the unknown of the three 
. l 
parameters, velocity, temperature and coal flow is then deter-
mined and the calculation repeated until thB desired accuracy 
is obtained. Elutriation rates, particle shrinkage rates and 
splashing rates hav~ to be supplied as data. Existing cori~­
lations have b~en used for the first two, ~hilst a splashing 
rate ~onstant has been dute~mined fro~ the nxper~men~al r3sul~s. 
It should be emphasized that the splashing rate constant so 
determined is rig dependent, the most impoitant influencing 
parametsrs being the freeboard height and the existence of 
baffles above the bed. 
::1f.·· 
The third and final stage is concerned with the determinatiori 
of particle entrainment rates from the b~d. Particles are 
considered to be abraded in the bed and_-remain in the bed until 
--
th~y are re~oved either by elutriation, splashing or in the bed 
overflow. The major difference between this calculation and 
that for the determination of the combustion efficiency l~es in 
the manner in which the shrinking particle~ caused by combustio~ 
or abrasion is considered. In the case of combustion, no 
attrition is assumed to take place and no -fines are produced. 
As--a ·result the particle shrinks· by chemical_ action only. ____ _ 
Further, as the burning particles comprise. only a small 
percentage of the entire bed mass, typically 1%, and therefore 
the overflow quantity or decrease in bed weight is neglected. 
In the case of attrition, the fines produced are considered and 
the mass balance of the system results in a more complex equation 
which is solved by considering particles falli~g into and out .of 
a small size fraction. The splashing rate constant obtained 
from the previous stage is applied to the third stage, whilst 
the resulting ash size distribution is correlated with the 
-I3-
experimentally determined distribution by applying an attrition 
rate constant. 
I.2 THE COMBUSTION MODEL 
Tha model has been based on the two phase theory of fluidization 
(22), and assumes that the bubble phBse is devoid of particles 
and therefore combustion takes place in the partitulate phase. 
The combustor performance thetefore, depends on the rate of 
transfer of the oxidising re'agent from the bubble to the parti-
culate phase and the heterogeneous reaction rate. Avedesian 
and Davidson (66) have shown that for gas solids contacting 
these can be measured by two di~ensionless groups, the transfer 
factor X or the number of times a bubble interchanges its volume 
as it moves through a bed of height Hf, and a dimensionless 
velocity constant k*. These relationships are represented __ _ 
in equations (I 1) and ( 12). 
x = 
QB-Hf 
uB{ VB 
which can also be written 
x = 
and 
* k 
;; .. 
(Ila) 
(Ilb) 
(I2) --
where k is defined as a first order particulate phase velocity 
constant by writing the rate of oxygen consumption per ~nit 
volume of particulate phase (66). From these relationships, 
------ - -- -
it is evident that for high values of X, the transfer of th_e ___ _ 
-
reagent to the particulate phase is high and the bed combustion 
reaction rate would be dependent on the heterogeneous reaction 
rate. Further, low values of X will result in much of the 
reagent by-passing the bed in the bubbles resulting in decreases 
in combustion efficiency as a result of the poor interchange 
between the bubble and the partjculate phases. While the 
particle shrinks due· to the combined action of combustion and 
attrition, the combustible material is assumed to be removed 
from the bed in the overflow, by elutriation and splashing • 
.) 
-I4-
The combustion model only considers the effect on the 
combustible matter in the bed. The derivation of the 
performance equations are summarized below, the complete 
details may be obtained from References (8, ch 11), (66) 
and (19). 
1.2.l AssumEtiqn~ 
The basis for the model is the work on the bat~h combustion 
of carbon in a fluidized ~ed by Av~desian and Davidson (66). 
By comparing the carbon burn-out time, and carbon dioxide 
and oxygen concentrations in the off gas with theoretical 
considerations, they deduced that the combustion process of 
partir:les .:=.n 11 f Ju.idizer:I bed is controlled hy two dif'fusional 
resistances, the diffusion of oxygen from the bubble to the 
particulate phase and s~condly the diffusion of the oxygen 
through the ash to the burning carbon particle. The combustion 
of the carbon particle is assumed to take place according to 
the two film theory of combustion, cf Ses:tion 1.4. By assuming 
that ~ass transfer can be described as a diffusion process and 
further th2t the concentration profiles ar~ quickly established, 
i.e. fast chemical reactions, then equation (IJ) representing 
concentrations about the particle as the particle shrinks 
results. 
= 0 (I3) 
Equation (13) is solved with the boundary conditions imposed 
by--the reactions of the two film theory given above. By com-
paring the resulting transfer rate with that whTch would occur 
~ith no chemical reaction other than that which would occur at 
the particle surface, the molar flow of oxygen to the particle 
is written as 
n ·2·TI·Sh·G·d·C p (I4) 
-!5-
The main assumptions of the model can be stated as follows: 
1. The two-phase theory of fluidization as proposed by 
Davidson and Harrison (22) in which a bubble and a 
particulate phase exist has been assumed. 
2. The particulate pha~e is £ompletely mixed with 
regard to both the gas and solids within the phase. 
3. The bubbles are in plug flow and of uniform diameter 
throughout the bed. 
4. Coal is fed uniformly to all points on the plane at 
the base of the bed. 
5. Coal particles burn'in the particulate phase of the 
bed. The flow of oxygen to the particles is 
dependent on two diffusional resistances such that 
the molar flow of oxygen to the surfo;rce of the 
combustible particle is given by equation (!4). 
6. Coal particles shrink due to the combined action of 
combustion and attrition. The rate of shrinkage by 
combustion is governed by equation (!4) wh~lst the 
tiny fragments worn off by attrition are carried awa-y 
and are not considered as part of the solid population. 
7. The volatile ~omponent is assumed to ~e combined with 
--the char and to burn at_the-s~me rate as the char. 
8. The mass of combustible parti~les within the bed is 
much less than the total inert bed mass. 
I.2.2 Development of the General Performance Equation 
~/As the gas bubbles pass through the bed, they exchange oxygen with the particulate phase in which the oxygen concentration remains constant and at the same level throughout the fluidized 
.;., ' 
'1' I 
·~ ·: 'l!'I .. 
···::.'. j_ • 
. . ' 
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b-ed at a value 'Cp' • The oxygen concentration of the bubble 
changes from 'C 0 ', the value at inlet to the bed, to 'Cb' 
which is dependent on the height of the bubble within the 
bed. The overall gas interchange coefficient between the 
bubble and the particulate phase Kbp is defined by equation (15). 
Kb · {C - Cb) p p . (I5) 
--- ·----L-·-··-·-··· ---·· 
This interchange coefficient can be found 
derived by Davidson and Harrison (22, pg 
equation (I 6). 
by the relationship 
114) and is given by 
K bp = 
u 
4, 5. ( dmf ) 
B 
+ 
GO, 5 0, 25 
5,85·( .g ) (I6) 
c?~' 25 
By solving equation \IS) to obtain the oxygei'n concent+ation 
in the bubble at a height h above the base of the bed, Gibbs.-
(19) performs an overall oxygen balance aver the whole bed to 
establish the overall oxygen consumption ,.,;within the bed. This 
results in equation (17). 
overall oxygen ~oxygen oxygen 
molar entering leaving - entering oxygen 
consumption = par tic- partic- + bubble leaving 
of oxygen ulai;e l uZate phase bubble in the bed phase ·phase phase 
h-0 h-H h-0 h-H f . f 
= A ·(C - C )·{ (1 - f)·u + f·u ;(1 - e-X) } (I?) 
t 0 p mf- BS . 
Now this oxygen consumption is al~o equal to the sum of the 
rates of oxygen consumed by each of the combustible particles 
within the bed as given by equation (14). Consider the bed 
to contain a mass Mc of combustible material with a particle 
size distribution given by Pc (d), such that M p {d) fid 
c c 
represents the mass fraction of combustible material between 
the particle size of d to d +· M then the molar consumption 
-!7-
of oxygen in the particulate phase can be given by 
~c~~~~,;~~;~J = in particul-ate phase 
= 
~·· 
(IB) 
The general bed performance equation is obtained by equating 
equations (!7) and (IB). This general performance equation 
is represented by equation (!9) below: 
12 Sh G C rmax Mc Pc (d) 
= 
p 
d2 
dd 
Pc d . - " ;ft'··· 
m-in 
Equation (19) is solved for Cp, i.e. the molar pxygen con-
centration in the particulate phase. From a knowledge of 
(I9) 
the coal feed rate to the combustor, a combustion efficiency 
can be deduced from the molar oxygen consumption. which would 
result in a particulate oxygen concentration Cp. However, in 
order to solve equation (I 9), the size distribution, Pc ( d) '· 
- ·'!: 
and mass, Mc, of the burning solids contained in- the bed must _______ -
be known. These quantities are found by making use of an 
entrainment model with shrinking particles in the bed section, 
as proposed by Kunii and Levenspiel (8, ch 11} which is briefly 
developed below. 
Consider a fluidized b~d system as illustrated in Figure Il. 
Coal of size distribution p 0 (d) is fed at a rate F0 to a bed 
of weight M containing a mass Mc of combustibles of size 
distribution Pc(d). Coal is lost from the bed in the entrained 
-IB-
gas stream at a rate F2 with a distribution p 2 (d), and in the 
bed overflow at a rate F1 and with a size distribution p1 (d) 
which is identical to that of the size ~istribution of com-
bustibles in the bed. Prior to the development of the general 
entrainment rate equation, the rate equations for shrinkage and 
entrainment must be developed. 
entrainment-r flow ( Fz I 
feed flow 
---1 ... -.. ( F 0) 
overflow 
_ _......... ( F } 
Figure 11 
1 
t 
air flow 
Diagrammatic Representation of a 
Fluidized Bed to Illustrate the-
Components of the Mass Balance. 
a) Rate Expressions for Shrinkage 
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Coal particles shrink as a result of the combustion process and 
due to attrition. The attrition of the coal particles is 
assumed to be a fraction of the combustion rate. The overall 
shrinkage rate can therefore be expressed as the sum of the 
-I9-
combustion and attrition rate components. 
f (d) = r (dJ + r raJ e a (IlO) 
The rate of shrinkage is assumed to obey a first order rate 
equation as given by 
f (d) = (Ill) 
This rate of shrinkage due to combustion can be assessed by 
equating the molar flew of oxygen to the particle to ~he molar 
consumption of oxygen. From the overall chemical reaction of 
carbon with oxygen, it is known that one mole of oxygen combines 
with one mole of carbon to form carbon dioxide. The molar flow 
of oxygen is obtained from equation (!4) whilst the molar con-
sumption of carbon is considered as the rate of shrinkage of 
the carbon particle. 
[mo Zar f'lowl 
of oxygenj = 
Ea Z~· consumptio~ 
of carbon 
1 2 dd 7T·d < 2·7T·Sh·G·d·C = --·p·-·- "-..._ p 12 C 2 dT \ 
dd 48·Sh·G·C (I12) dT = p 
P·d c 
or 48 Sh G C"'. 
r raJ = . f! (I13) c P. • d 
c 
and / 
r raJ = a-r (dJ (I14) a c 
"""' 
b) Rate Expressions for Entrainment 
The entriinment rate is.defined as the sum of two components, 
that due to elutriation, and that due to splashing. The 
.. 
elutriation phenomenon is ·well understood, and· refers to the 
-!10-
selective removal of fihes by entrainm~nt from a mixture of 
particle sizes. 
the following: 
This elutriation is therefore defined by 
~rate o] removal of J solids of size d = per unit area of bed 
1 d m(d) 
A dt = 
. · [fraction o "'] 
K*· bed of 
size a . 
K* m(d) 
M 
or it ean be defined for a particular system as : 
[ rate of removal odfl soUdR of size j 
d m{d) 
dt 
where 
K* 
= 
= 
= 
K·Gw~.ight of solidsl 
of size d in heal 
-· 
K·m(d) 
(I15) 
(I16) 
(Il?) 
The elutriation constant K* can be obtained from a number of 
correlations. by different authors, the on,e_ proposed by Wen and 
H as hi n g e r ( 16 ) was us e d • The e 1 u tr i a..~ ion cons t an t K is then 
readily obtained from K* by equation (Il~f:-
-
The splashing-rate has been introduced to account for those 
particles lost from the fluidized bed system which are too 
large to be removed by the process of elutriation. The 
bursting of bubbles at the bed surface results in these. 
particles being imparted with a-high momentum and being lost 
- ------
from the fluidized bed. The splashing rate coefficient has 
been arbitrarily defined by Gibbs (19) by equation (Il8). 
[
total combustibles] 
lost by splashina 
in size interval~ 
· d to (d+~d) 
= S·M ·p (dJ·M e e (I18) 
where the splashing rate constant 1 5 1 is assumed.to be a 
function of particle diameter. Splashing rate constants 
have been derived from the experimental work for use in the 
-I 11-
theoretical model. Therefore the total entrainment of solids 
from the bed in the size interval is given by the sum of the 
elutriated and splashed components as represented in equation 
(Il9). 
[ 
entrainment of J 
combustibles in 
theds~~e(~:~~r;al = (K + S)·M ·p (d)·6d c c . (I19) 
c) Determination . of the. Mass of and the Particle Size 
Distrjbution of the Burnina Particles in the. Berl 
With a knowledge of the rate equations for particle shrinkage 
and entrainment, a mass balance;can be performed over a small 
size interval to determine the overall flow rates as well as 
determinG the mass and.size distribution of the burning particles 
in the fluidized bed, such that equation (I9) can be solved. 
Steady state conditions are assumed, with constant particle 
densities throughout the process. Back-;,.,mix flow in the bed 
enables the assumption of equivalent size analyses for both 
the bed material and the overflow stream to be made, i.e. 
Pl (d) =Pc (d). Further the particle _shrinkage is given by 
the general rate expression of equation .(Ill) ~·'Referring to 
Figure 11, Kunii and Levenspiel (8, Ch 11) consider. a mass 
balance on the solids to determine the total particle 
shrinkage rate, or 
[ total solid shrinkagel in the bed j = 
= 
I: {'-shrinkage of aU solids in } 
size interval_ d to (d+txl.) 
E { P ·[Mc.pc(d)·~t~d2 • dd . j} 
S 0 •TI·d2/3 dt 6.t 
'S 
From which on taking the.limit as 6.d tends to dd, the total 
solids generation in unit time is found as 
[~olid s~rinkage] -in the -interval = 3 • M • p ( d) • r ( d) c c . dd d (I20) 
-!12-
For which total shrinkage is found as 
= (I21) 
Further, a mass balance for coal particles in the size interval 
d to d + M is written as follows: 
r total ooal ~ l J coal coat . coa leaving coal sh:t>inking [ ooal J l~onsumpt,on fed shrinking out + r1;tr ined ~n the bed = t th - in the + (I22) 
. . l o e into of ~n off ~n ~nterva b d over- interval interval d to (d+b,d) e flow gases from Zarg- to small-
er size er size 
3y aqLating eqLations (I22) and (I2C), und tJking limits as 
b,dtends to zero, Kunii and Levenspiel (8, Ch 11) derive the 
general diffSrential equation for fluidized beds with shrinking 
particles and entrainment given by equation (I23) below: 
., 
d rrrdJ·pc(dJ J 
Fo·Po(d) - F1·Pc/d) -.Mc·(K+S)·pc(d) - Mc~;. dd 
3·M 
c 
+ a:·.vq(d) ·f {d) = 0 
Kunii and Levenspiel (8) have derived the solution to equation 
(I23) for the size distribution Pc(d) of the burning coal· 
particles as 
= (I24) 
where 
d 
maxF /M + S + K 
exp { - J -1 _-.:;c ____ dd } 
f (d) 
d 
. (I25) = 
(I23) 
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and by assuming the amount of combustibles contained in the 
overflow to be small, equation (I25) becomes 
d 
max 
I(d,d ) 
max l S+K exp { - r (d) dd } d = (I26) 
To obtain the mass of.combustibles in the bed Mc, equation 
(124} is integrated over all particle sizes such that 
M 
c = 
·_ r dmax3· . Idi-dmax 
. d Pr/diJ 
F J -- ·I(d,d ) ·dd .·dd 
0 . T(d) max d~ ·I(d. d ) -z. 
d . ti, .=d :z. -z..' max 
m-z.n ~ 
Therefore the mass of burning particies is determined from 
equation (I27) whilst the size distribution of the burning 
;;,"... 
(1"27) 
particles can be found from .equation (124). These parameters 
are then substituted into equation (19) which is then solved 
for the resulting particulati oxygen conc~ritration. 
· .... __ _ 
· 1.2.3 Piscussion of the Combustion. Model 
The use of simple shrinkage rate equations has enabled these 
to be integrated to yield expressions which are easily solved 
numerically. Development of the equations has been limited 
to the case where particles shrink steadily and therefore 
cannot be used where particles break apart or. ag·glomerate 
into large lumps. 
The combustibles loss~ and hence the combustion efficiency is 
determined from the entrained carbon flow. Higher superficial 
, -
gas velociti~s result in higher elutriation and hence higher 
entrainment rates •. An important factor affecting the entrain-
ment rate'.'' however, is the mass of coal or carbon particles 
contained in the bed. High oxygen transfer rates, and the 
'. 
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associated high cbmbustion rates will result in the residence 
time of the carbon within the bed being small and therefore a 
smaller mass of carbon will be retained in the fluidized bed. 
Therefore fast reaction rates will result in high efficiencies. 
Gibbs (19) has shown that when operating near to stoichiometric 
conditions, the combustibles loss remains small for bubble 
.diameters up to 100 mm, on increasing the diamater above this. 
value, the combustibles loss increases rapidly~. This i~ d~e 
mainly to the decrease in the transfer factor X, cf equation 
(Il), i.e. the number of times.the bubble interchanges its 
volume as it moves through bed, as the bubble diameter increases. 
This transfer factor d~termines t~e .diffusional resistance of 
the oxygen transfer from the bubble phase to the particulate 
phas;. 
In the case of high excess air, as was prevalent during all of 
the tests performed on the fluidized-bed combustor, the oxyg~~ 
cuncentration throughout the bubble and particulate phases 
would be high since only a small amountcf.f oxygen would be 
consumed. The combustion would therefore be controlled by 
local diffusion near the particle, .with t·he_ transfer from the \ ; .... ~- .. 
bubbles having only a small effect. _ · 
--~---
I.3 THE ENTRAINMENT MODEL 
Entrainment has been considered to be made up of a splashing 
and an elutriation component. The entrai'nment is considered 
independently of the combustion -process. In this model, in_~~!_ ____ _ 
ash and bed material are assumed to be fed to the bed separately-
from the carbon flow. The coal flow is assumed to be made up 
of two components, a pure coal flow which is used in the com-
bustion model, and a pure ash flow which is used in the 
entrainment model. 
The entrainment model i~ based on the.wotk of Merrick and 
Highley (17). Although they (17) developed a new expression 
for entrainment to account for the loss of particles which are 
-!15-
larger than those which would be removed by the elutriation 
mechanism, th~s approach was no~ usea in the earlier combustion 
model (75). Entrainment has been divided into splashing and 
elutriation as was done in the combustion model. Ash and 
inert bed material are fed into the bed in which the individual 
particles are reduced in.size until they are eventually en-
trained in the off gases. Both the fine particles abraded 
away from the core particle~ and these reduced core particles 
are considered in the mass balance. 
Attrition in a fluidized bed is therefore the result of the 
abrasion of the coarse particles to form fine particles with 
a corresponding reduction in the size of the coarse particles. 
Merrick and Highl~y (17) have found that ~he size distribution 
of the fines produced is almost constant for a particular bed 
material, and independent of the bed size distribution or 
operating conditions. They correlate the production of fines-
by the following equation 
F 
a = 
;;;.. 
(I28) 
However the use of equation (!28) for individual size fractions 
resulted in the predicted bed size distributions being con-
siderably coarser than found experimentally (17). A correction 
·_;factor was applied to account for the fact that though the 
coarser particles are continually in contact with each other, 
the fines spend some time in the voids created by the larger 
particles. Therefore a new rate equation was developed 
including a second abrasion rate constant A* and the pro¢ortion 
of -particles in the bed smaller th.an the size d. The fella~~-~-----· 
equation for the production of fines by abrasion-of particles 
of size d results: 
= 
- F . 
ad = - A*·fa·(u - u J•M · f mf d (I29) 
such that the sum of all the abrasion rates is the same as that 
given by equation (!28). 
In the development of .the mathematical model, the size 
distributions of the various components are divided up into 
-!16-
a number of size fractions, where i refers to the i th size 
fraction and where i=l represents that fraction having the 
largest mean diameter. A mass balance is then perform~d on 
the system for the i th size interval, which results in 
equation (!30). Figure !2.diagrammatically represents the 
various components of the mass balance. 
gain of loss of particles ga'[,n loss o I particles 
inert from next of Llverj weight to next feed largest fines flow due to [ntrainj smallest + 
size due + by = + + ment + rate rate fines size 
F. to size a bra- produc- rate by size 1, 
reduction sion ti on reduction 
w. 1 7.J). 1,- 1, 
(I30) 
The only parameter which requires special calculation, is th~ 
rate of loss of particles to the next smallest size Wi• · .. A 
mean removal rate constant, Zm, is defined (17) by equations· 
(!31) and (!32). 
;;;.. 
dM z ·M dt = (I31) m 
.... 
where \'· .. _ \ ··--~. 
'• 
--. z . = A1 + K. + s. + 0/Mb (I32) 1, 1, 1, 1, 
' 
from which Merrick and Highley (17) deduce an expression-for 
the rate of loss of particles to the next smallest size. 
The final flow rates and size gradings are solved by an-
ite~ative procedure. The iteration is commenced hy eiti- _ 
mating the overflow rate and the bed size gradiR~. A mass 
balance en each size grading is performed resulting in th~ 
mass of each size fraction being deduced. Summing each of 
these individual fractions results in a total bed weight 
being obtained which is then comp~red with the desired bed 
weight. The overflow rate is then. adjusted until the bed 
weight is obtained to the desired accuracy. 
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I.4 APPLICATIDN OF THE .MODEL 
A suite of fifteen subrbutines and a main "calling" programme 
have been developed for use on the UNIVAC computer for solving 
the theoretical model. Input to the programme consists mainly 
of the coal and inert feed size gradings on a cumulative per-
cent by weight undersiz.e basis. Th.e particle sizes have ·.a 
range, typically.from about 50 microns to 10,0 mm. In the 
cnmbustion model, these input.size gradings arJ supplied at 
arbitrary.intervals between each size. For the entrainment 
model, however, the particle ~izes increase as a geometric 
progression given by equation· (I33), where each of the values, 
namely the minimum diameter, the number of points and the 
exponent for the progres~ion are supplied as input: 
d. 
"[, = 
d .• r 2u ri-_.v 
m"l-n , (I33) 
Intermediate points are obtained by means of Aitken's method 
of interpolation~ The integrations required for the solution 
:;:· 
of equation (I 9) have been performed by means of Gregory's 
formula for numerical integration. It has been found that the 
use of a 75 micron step in the 'integration 'formula results in 
satisfactory results, though the-comp~tational time is extiemely 
. high~ about 30 minutes c:iue to the relatively ir.efficient 
integration technique. Use of a central difference formula 
for the integration would improve the computation substant~ally. 
I.~ DISCUSS ION OF THE MODEL -
I.5.1 The Combustion Model 
A major limitation of the combustion model lies in the r~quire­
ment that the size distribution function of the input coal stream, 
p 0 {d), be a smooth curve. Although the curve of the cumulative 
percent by weight undersize.versus the particle diameter almost 
invariably yields a smooth cuive,_the resulting size distribution 
Po {d) may be-irregular. Indeed, the cumulative size distribu-
tions of the coals used in the earlier experimental work result 
-IlB-
in very irregular size distribution functions, p 0 (d). The 
smoothed size distribution functions were used as-input tb the 
ctimputer model, resulting in combustion efficiencies somewha~ 
higher than anticipated from the experimental work. However 
by artificially ~djusting the attrition rate of the coal, 
expressed as a fraction of the combustion rate resulted in 
values for combustion efficiency approaching those achieved 
during the earlier experimental work (75). B¥ changing the. 
gas velocities, ~hanges in the combustion efficiency of the 
same order as those found by the regression relationships were 
found. Variations ~n the opeiating ~emperature have only a 
minor effSct on the resulting combustion efficiency. Adjust-
ment of bubble velocity and diameter effected the required 
change in the corr,bustiuri ef·:'iciency. These adjust1;1dn"Ls in 
fact alter the transfer factor 'X', given by equation (Il). 
It is clear therefore that adequate answers are provided by 
the combustion model. More work is required to establish 
the precise nature of the attrition and possibly the combustion 
rate. An improved model for the prediction of bubble diameters 
and velocities is also ~equired so that ihe~transfer factor 'X' 
\ · .. 
can be derived from fi'rs.t principles rathe_:i;-__:fhan having this 
parameter artificially suppressed er 2xaggerata~, dependent on 
the bed operating temperature. 
I.5.2 The Entrainment Model 
The resulting size grading of t~e entrained material flow 
i: 
predicted by the entrainment model are somewhat_coarser tha·n----~ 
those obtained from the experimental work. However, adjustment. 
of the attrition rates of the ash and bed material alter the 
entrained size gradings. A further complication is the fact 
that the size grading of the resulting ash on combustion of 
the coal particle has been assumed to be similar to that of 
the original coal feed. This is probably an over simplifi-
cation, as the ash of most· South African coals is· generally 
inherent or homogeneously dispersed in the coal body. Further 
the coal feed did not appear to contain complete inert lumps of 
.:, >I 
-119-
ash the ~i~~ of the ~oal particle. Theiefore the ash feed 
size d~stribution would on average ba'smaller than that of th~ 
coal feed. It is therefore evident, that much additional 
informatio~ is necessaty to be able to fully utilize ~he 
entrainment model. 
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